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Apri l 1954 
ABSTRACT 
Product ion of π+ and π- at 0° and 90° to a 40-Mev proton beam 
has been studied with nuclear emuls ions in both uniform and h e t e r o ­
geneous magnetic fields. Conclusions are: 
(a) the peak of the c r o s s section for π- production at these l abora tory 
angles i s at a much lower energy than for π+ production: 
(b) the maximum pion-energy cutoff for π- production is smal le r than 
for π+ production; 
(c) the shapes of the π- -production spec t rum d isagree with those p r e ­
viously repor ted , pa r t i cu la r ly at low pion energ ies ; 
(d) at low energ ies the plots of π± c r o s s sections against pion energy 
quali tat ively r e s e m b l e corresponding β± decay spec t ra ; 
(e) integrat ing these spec t r a over the pion energy gives 
A n g l e dσ+ × 1028 dσ- × 1028 π+ π+(0°) 
π-(0°) 
( l ab ) dΩ dΩ π
- π+(90°) π-(90°) 
cm2 s t e r - 1 cm2 s t e r - 1 
0° 
90° 
21.0 ± 0.5 
3.35 ±0.07 
0.71 ± 0.02 
0.43 ± 0.02 
29.5 ± 1.2 
7.8 ± 0.4 
6 . 3 ± 0 . 2 1.67 ± 0 . 0 9 
(f) with the aid of Leonard ' s 180° r e s u l t s on π± from carbon an e s t i ­
m a t e is made of the total production c r o s s section pe r C nucleus: 
σT+ = (7.6± 0.7) × 1 0 - 2 7 c m 2 ; σT- = (0.55 ± 0.09) × 1 0 - 2 7 c m 2 ; π+/π- = 14 ± 4 ; 
(g) the disagreement between previously published data on π+ production 
at 90° is resolved for pion energies above 25 Mev; 
(h) for the calculation of the π- -production c r o s s section a m o r e a p ­
p ropr i a t e ze ro -p rong cor rec t ion is 1.35; 
(i) the sp i r a l -o rb i t pr inciple is especia l ly suited to the study of 
charged-pion production at 90° to the proton beam. 
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I . INTRODUCTION 
Among the many interes t ing exper iments that will aid in the de ­
velopment of meson theor ies is the m e a s u r e m e n t of c r o s s sections 
for pion production resul t ing from inelas t ic col l is ions between free 
nucleons . There a r e of course th ree such p rob l ems , these being the 
m e a s u r e m e n t of pion production from a free proton-proton i n t e r a c ­
tion, from a proton-neutron in teract ion, and from a neut ron-neut ron 
in teract ion. A subtract ion technique has been successfully applied 
in the study of the proton-proton interact ion, 1 , 2 and also in the study 
of the proton-neutron interact ion. 3 Since for the p-p case a polyethy­
lene target, (CH2)n, is used, and for the p-n case a deuterated poly-ethylene 
ta rge t , (CD 2 ) n , is used, a detailed study mus t be made of 
pion production from carbon, at l eas t over the pion energy region de ­
fined by the conservat ion laws when these a re applied to the problem 
of pion creation in free nucleon-nucleon collision. 
Extension of these studies of pion production from carbon at 0° 
to the proton beam was prompted by the fact that, in a p r e l im ina ry 
survey4 of charged-pion production from carbon, much larger positive-to-negative 
pion ratios were observed than were predicted by the (A+Z)/ 
(A-Z) r a t i o or by ea r l i e r production studies from complex nuclei5 at 90° 
to the proton beam. The (A+Z)/(A-Z) r a t io would be expected, at l eas t 
for pions in an energy interval where the nuclear Coulomb b a r r i e r ef­
fect can be neglected, if the protons and neutrons in the carbon nucleus 
had equal c r o s s sections for pion production and if the (p-n, π+) r e a c ­
tion had the same probabi l i ty as the (p-n, π-) react ion. Although a v a r ­
iation of this r a t io was predic ted on grounds of the Pauli p r inc ip le , 
neve r the l e s s , the observed p re l imina ry data d isc losed that the p roduc­
tion of negative pions by incident protons was suppressed m o r e s t rongly 
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than the Pauli argument , as p resen ted , would indicate. 
The s t imulus for the studies of pion production from carbon at 
90° to the proton beam was the ingenious principle of large solid-angle 
focusing first proposed by Miyamoto7 and developed principally 
by Miyamoto,8 , 9 , 1 0 Sagane,10 Iwata,9 Kotani,9 and Sakai.11 The 
pr inc ip le , now commonly r e f e r r e d to as the "Spi ra l -Orbi t P r inc ip le" , 
was f i r s t introduced to this country by Sagane.12,13 The purpose of 
the pr inciple as applied to the study of charged-pion production1 3 was 
the accura te determinat ion of π+/π- r a t ios from complex nuclei . The 
pr inciple was not applied to m e a s u r e m e n t of pion-production c r o s s 
sect ions because of the forbidding complexity of calculating the v a r i a ­
tion of the solid angle in a study of charged-pion production when pion 
energ ies exceed the s tab le -orb i t energy. An exper imenta l method was 
proposed 3 to surmount this d i lemma. This is d i scussed in Section III. 
The choice of carbon for the study of the sol id-angle var ia t ion was 
chiefly because of the π+ -production data obtained in earlier experiments5,2 
on this element at 90° to the proton beam. However, it was 
found not only that the π+ data as r epor t ed were inconsis tent between 
the two exper iments , but a lso that the two express ions , as they were 
used for the calculation of these cross sections, were generally in dis-agreement.14,15 
As a result a more refined experimental study was 
made on π+ production from carbon at 90° to the proton beam. 
A possible way of resolving the difference between the two m e t h ­
ods of calculating the c r o s s section is a lso d iscussed . An application 
of the proposed calculat ions r e s u l t s general ly in good agreement of 
all exper imenta l m e a s u r e m e n t s on π+ production from carbon at 90° 
to the proton beam. 
The c r o s s - s e c t i o n determinat ions that a r e d i scussed have been made with nuclear emuls ions . It is well known that many of the π-mesons a r e brought to r e s t in the emulsion without producing obse rv ­able d is in tegrat ions . 1 6 A ve ry significant factor , which will affect the t rue value of any π+/π- r a t io as well as the π- production c r o s s section, is an accura te knowledge of the number of " s t a r l e s s " π- m e s ­ons that stop in the emulsion. Some ea r l i e r exper iments determining the fractional contribution of "starless" π- mesons have been reported.17 These are reanalyzed and compared with more recent data. 
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II. GENERAL DESCRIPTION OF THE EXPERIMENT 
Two different methods were employed for the m e a s u r e m e n t of 
posit ive and negative production c r o s s sections at 0° and 90° to the 
proton beam. A uniform magnetic field was used for the study of π± 
c r o s s sections at 0° and π+ c r o s s sections at 90°. In this case the 
ta rget dimensions perpendicular to the direct ion of the proton beam 
were l a rge in compar ison with the c r o s s sectional a r ea of the beam. 
Thus the conditions of infinite ta rge t and finite beam were easi ly a p ­
proximated and the c r o s s section was de termined by the re la t ion 
d 2 σ ( T π , θ ) 
= C1 
Nπ (T π , θ ) 
, (1) 
dTπ dΩ Npρt 
where C1 is a measu rab l e geometr ic factor, Nπ (T π , θ) is the number 
of pions per cm2 per Mev that a r e incident on the front face of the a b ­
sorber containing nuclear emulsion, Np is the total number of protons 
that have passed through the t a rge t , and ρt is the number of carbon 
nuclei per c m 2 . The π+/π- r a t ios at 0° to the proton beam a re de ­
te rmined by f i r s t obtaining both the posit ive and negative pion p roduc­
tion c r o s s sect ions and then dividing one of these by the other . 
The π- production c r o s s sect ions and the π+/π- r a t io s at 90° to 
the proton beam a r e obtained by using a heterogeneous magnet ic field 
shaped to conform with the sp i r a l -o rb i t pr inc ip le . This pr inciple is 
based on the fact that a charged par t i c le desc r ibes a sp i ra l orbit if 
it s t a r t s rad ia l ly from the cen t ra l axis of a heterogeneous magnet ic 
field that is axially symmet r i c and dec r ea se s gradually as the rad ius 
i n c r e a s e s . When a cer ta in re la t ionship between the field s t rength 
and the momentum of the par t i c le is fulfilled, the orbit converges to 
a definite c i r c l e . For these 90° studies the conditons of infinite beam 
and finite t a rge t were approximated by keeping the t a rge t dimensions 
(perpendicular to the direction of the beam) smaller than the cross-sectional 
area of the beam. Thus the cross section for pion producion 
can be determined from the relation 
d 2 σ ( T π , θ ) 




where C2 is an empi r ica l geometr ic factor, qπ ( T π , θ ) is the observed 
pion density in the nuclear emulsion, Ip is the total number of protons 
per cm2 incident on the ta rge t , and Nt is the total number of nuclei 
compris ing the t a rge t . 
One of the purposes of this study is to de te rmine empi r ica l ly the 
behavior of the geometr ic factor , C 2 . Once this geometr ic factor is 
accura te ly known, the π- -production c r o s s sections for carbon, or 
for that m a t t e r , the π± c r o s s sect ions for any element , can easi ly be 
de termined by using Eq. (2). It has been shown13 that for the m e a s ­
urement of any π+/π- r a t io by the sp i r a l -o rb i t pr inciple only a know­
ledge of qπ is n e c e s s a r y . It was in this way that the π+/π- r a t i o s from 
carbon at 90° to the proton beam were obtained. As a r esu l t two a l ­
te rna t ive ways were available for obtaining the c r o s s sect ions for π-
production at 90° to the beam. One of these was to de te rmine the b e ­
havior of C2 and use Eq. (2). The second method was by direct calculation 
from the accurately determined π-/π+ ratio and the cross sec­
tion for π+ product ion. The second of these two methods was used b e ­
cause at this t ime it yielded the m o r e accura te r e s u l t s . 
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III. DETAILS OF EXPERIMENTAL PROCEDURE 
A. Proton Source and Coll imation 
For these studies the e lec t r ica l ly deflected proton beam 1 8 from 
the 184-inch synchrocyclotron was used. In principles, the mechan­
ism for producing the deflected beam is shown in F ig . 1a. As i l l u s ­
t ra ted , a port ion of the ful l-energy circulat ing proton beam en te r s a 
120° sector of an e lec t r i c deflector. The radius of the deflector at 
the beam, ent rance is approximately 81 -1 /4 inches and at the beam 
exit about 77 inches . A pulsed voltage of approximately 200 kilovolts, 
having a 0. 1 -mic rosecond r i s e (from 10 pe rcen t to 90 pe rcen t of full 
voltage) and a duration of 0. 2 mic roseconds , is applied by a pulse 
t r a n s f o r m e r . This action causes an inward motion of the proton, 
resul t ing in a displacement of i ts orbit . This displacement of the 
orbi t p e r m i t s a cer ta in fraction of the beam to enter the channel of 
the magnetic deflector. The magnet ic deflector is in rea l i ty a m a g ­
netic shunt. Thus the s trength of the magnet ic field within this chan­
nel is reduced without disturbing the orbits that have not undergone 
displacement . This reduction in field s t rength causes a l a rge in­
c r e a s e in the rad ius of the proton path, resul t ing in deflection of the 
proton into an 8- inch-diameter evacuated tube leading to the e x p e r i ­
menta l "cave" . A focusing magnet about 7 feet from the vacuum 
chamber bends the beam through 18° so as to d i rec t it to the cave, 
and also br ings it to a horizontal focus approximately 24 feet from 
the magnet in the cave. Either a pair magnet or a 22-inch spiral-orbit 
spec t romete r was placed h e r e . The final beam dimensions , 
determined by the 48-inch snout collimator, were adjusted accordingly. 
B. Exper imenta l Studies with Uniform Magnetic Fie ld 
(Pair Magnet) 
1. Detailed Descr ipt ion of Exper imenta l Method 
It has been shown19 that with this ex ternal proton beam a ve ry 
simple method can be used for measur ing absolute c r o s s sect ions for 
pion production from any e lement . This in turn was modified2 0 to 
p e r m i t the studies of these c r o s s sect ions at any angle to the proton 
beam. The method has been s tandardized 1 so that the compar ison of 
the m e a s u r e d c r o s s sect ions at different angles , from different e l e ­
ments and by different expe r imen te r s , was simplified. The changes 
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Fig. 1—Schematic of (a) 340-Mev proton source, (b) poor-geometry 
pion detector, and (c) poor-geometry experimental 
arrangement. 
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that were introduced consisted of a more flexible pole tip and method 
of alignment of the proton beam. 
F igure 1 c i l lus t ra tes schemat ica l ly the exper imenta l a r r a n g e ­
ment . The proton beam was coll imated by a 48-inch rec tangular co l ­
l imator having c r o s s - s e c t i o n a l dimensions of 1-1/4 inches ver t i ca l ly 
and 3/4 inch horizontal ly. The col l imated beam passed through an 
accura te ly ca l ibra ted (argon-filled) ionization chamber (Appendix), 
which m e a s u r e d N p , the number of protons incident on the ta rge t . 
The beam then t r a v e r s e d the carbon ta rge t , which was placed in a uni­
form magnet ic field. Posi t ive and negative pions produced by the in­
terac t ion of protons with carbon nuclei in the forward direct ion were 
magnet ical ly separa ted from the proton beam. Of these c rea ted pions, 
only those of smal l energy and smal l angular in terva ls were selected 
by b r a s s channels; they were magnet ical ly bent through approximately 
90°. These pions were incident no rma l to the front face of ei ther an 
aluminum or a copper abso rbe r , which contained nuclear emuls ions 
(Fig. 1b). The pions were stopped through their ionization loss in the 
absorber, and the incident number Nπ (Tπ, θ), was determined for each 
energy region by the measured pion density, qπ (Tπ, θ), in the nuclear • 
emulsion. 
Except for the lowest pion energy, only one energy in terva l and 
one type of charged pion were invest igated at one t ime . To m e a s u r e 
the c r o s s section for the pion of opposite charge in the same energy 
in terva l , the magnet ic field was r e v e r s e d by a r e v e r s i n g switch and 
the magnet was real igned. F u r t h e r m o r e , an additional channel s e c ­
tion was added for the m e a s u r e m e n t of each negative c r o s s sect ion. 
This channel section was not used during the p o s i t i v e - c r o s s - s e c t i o n 
m e a s u r e m e n t because it would extend into the proton beam. Fo r the 
lowest pion energy the negative and posi t ive c r o s s sect ions were m e a s ­
ured during the same exposure . 
In no case was an exposure made before the alignment was bet ter 
than 1/2 degree. This was accomplished by means of a template (1/8-inch 
b r a s s or 1/4-inch plywood) for each channel energy, to which the 
channel sect ions were fitted. Proton and pion t r a j ec to r i e s were a c ­
curately scribed on this template. Two film holders, which were a-ligned 
and firmly fixed to the template, contained pierced unexposed 
x-ray film defining the desired center of the proton beam (Fig. 1c). 
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In addition, each film holder contained a small a r row-shaped proton 
absorber located at the des i red beam positon. Two-second exposures 
were taken at low beam level , yielding light x - r ay - f i lm exposures . 
Any misa l ignment was easi ly determined by measur ing the distance be 
tween the x - r ay - f i lm holders and the images of the two a r row a b s o r ­
b e r s appearing on the second x - r a y film. 
The study of the 90° spectrum of π+ production followed the same 
basic principle. For these measurements the face of the carbon tar­
get was placed at an angle of 45° to the direct ion of the beam, while 
the channel was so set that the mean pion t ra jec tory (defined by the 
channel) left the t a rge t at 90° to the direct ion of the beam. In this 
case th ree x - r a y p i c tu re s , one of which was located at the t a rge t po­
si t ion, were taken for the purpose of al ignment. 
2. Magnetic Fie ld and Channel 
The magnet ic field that separa ted the pion and proton t r a j ec to r i e s 
and deflected the pions into the detector had a maximum field s t rength 
of 14. 4 kilogauss a c r o s s a 3. 4-inch gap. The a r e a of the face (Fig. 1c) 
was l a rge enough to pe rmi t a deflection of 70° for a 160-Mev pion in a 
uniform field (2% variat ion) at a 14.0-ki logauss sett ing. The magne t i ­
zation curve (from 5.6 kilogauss to maximum field strength) at the center 
of the pole face was obtained with a proton magnet ic resonance meth­
od. Fie ld uniformity m e a s u r e m e n t s were made with a flip coil , which 
had previous ly been ca l ibra ted by the proton magnetic resonance method. 
F u r t h e r m o r e , a magnetizat ion curve (from 7. 0 kilogauss to maximum 
field s trength) was obtained with a flip coil at approximately 3-1/2 in­
ches from each of the four edges of the pole face. The depa r tu re from 
uniformity inc reased with field s t rength to a maximum var ia t ion of 2. 2% 
at max imum field between the center and the 3-1/2-inch posit ion of the 
th ree pole-face edges . The channel was posit ioned in such a way as 
to take full advantage of the uniform field. 
Five different channels for covering the 0° pion spec t ra and four 
channels for the 90° π+ spec t rum were used. The channels have sev­
e r a l pu rposes . They serve as shields for the detec tors by prevent ing 
pa r t i c l e s that leave the ta rge t at angles other than 0° from reaching 
the emuls ion. F u r t h e r m o r e they pe rmi t only those protons to r each the 
a b s o r b e r s that have the same momentum range as the. p ions . F.or all 
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channels this proton momentum range is below the threshold for pion 
production in the abso rbe r s containing the emuls ions . As a r esu l t the 
l a rges t source of pion contamination is el iminated Contaminating pions 
are also produced by protons that a r e sca t te red from the ta rge t into 
the pole faces of the magnet . Because of the c r i t i ca l channel r e q u i r e ­
ments this source of pion contamination is great ly minimized. For 
the calculation of the c ros s sections this contamination was considered 
negligible, because no negative pions were found in the π+ p la tes and 
only five posit ive pions were observed in the ent i re volume of emul ­
sion used for the m e a s u r e m e n t of the π- c ro s s sections at 0° . 
The minimum width of the channel, which is fixed by the r e q u i r e ­
ments of "poor geomet ry" , defines the angular acceptance of the de ­
tec tor . For the π+ spect rum at 0° the accepted half angular spread 
was 2. 5°, whereas for the π- spec t rum, and the π+ spect rum at 90°, 
the accepted half angular spread was 2° . This minimum width l ikewise 
provides a selection of the energy in terval by accepting only those pion 
t r a j ec to r i e s with the c o r r e c t cu rva tu re . In all cases this energy in t e r ­
val was broader than the energy in terval of the scanned emulsion. 
A mean l a t e ra l displacement of the pion from i ts original t r a j e c ­
tory is introduced through multiple Coulomb scat ter ing, which it un­
dergoes when the pion energy is degraded in the abso rbe r . The de ­
s i red condition of poor geometry is that the c r o s s - s e c t i o n a l dimensions 
of the absorber on which the pions a r e incident, and therefore the dimen­
sions of the minimum width of the channel, be l a rge compared with this 
l a t e ra l d isplacement . Thus the n e c e s s a r y condition of poor g e o m e t r y - -
that as many pions have sca t te red into that par t of the pion beam which 
stops in the scanned region of emulsion as have scattered out of it-can 
be assumed as fulfilled. 
Two methods were considered for calculating this l a t e ra l displacement. 
One of these consis ted of using the modified21 F e r m i d i s t r ibu­
tion functions for the l a t e r a l and angular displacement of charged p a r ­
t ic les that undergo mult iple e las t ic sca t te r ing in pass ing through m a t ­
t e r . These distr ibution functions were general ized to take into account, 
to a good approximation, the energy loss of the charged par t i c le along 
i ts sca t t e red t r a j ec to ry . The second method was to use the approxi ­
mate but simple relation,22 yrms = 0.03 R√Z, where R is the calculated 
range of the pion in an absorber whose atomic number is Z. 
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The two methods yield different r e s u l t s . A plait of the l a t e ra l d i sp lace­
ments from the two methods against pion energy shows a c ros sove r at 
a pion energy of 30 Mev. The resul t ing values continue to diverge with 
increas ing pion energy so that for a 110-Mev pion the s imple re la t ion 
r e p o r t s a l a t e ra l displacement th ree t imes as la rge as that which is ob­
tained from the modified Fermi functions. To insure that the poor-geometry 
conditions were met, the channel was designed in such a way 
that the total min imum width was about 7 y r m s , where for yrms the 
l a rge r value obtained from the two methods wag chosen. 
Fo r such a geometry it has been shown23 that the solid angle sub­
tended at the ta rge t by a unit a r e a at the emulsion which is perpendicu­
lar to the undisturbed t ra jec to ry of the pion is given by 
dΩ = 1 = 
1 
, (3) 
dA ρ2ø sin ø C l 
where ρ is the rad ius of curva ture of the mean pion t r a jec to ry in the 
channel and ø i s the angular distance between the center of the t a rge t 
and the center of the planned scanning region in the abso rbe r . This 
re la t ion was obtained by consider ing that the t r a j ec to r i e s lie in a plane 
perpendicular to the uniform magnet ic field. A smal l e r r o r is i n t r o ­
duced by the use of this formula for pions whose t r a j ec to r i e s have a 
smal l component along the direct ion of the magnet ic field. Since the 
t a rge t and the sensi t ive a r e a of the emulsion were finite in s ize , this 
condition did exis t . Fo r the dimensions used in this exper iment , how­
ever , this e r r o r was l e s s than 0. 1 pe rcen t . 
3. Ta rge t s 
The effective area of the carbon targets was defined by the collimated 
proton beam. The targets varied from 0. 511 g/cm2 for the 
lowest pion energy to 1. 540 g / c m 2 for the highest energy, and each 
was of uniform th ickness . The thickness of the ta rge t in t roduces th ree 
undes i rable factors into the exper imenta l r e s u l t s : 
(a) The proton energy loss in the t a rge t i n c r e a s e s with thick­
n e s s . If this proton energy loss becomes apprec iable , a cor rec t ion 
to the m e a s u r e d c r o s s section that is obtainable from the excitation 
function for pion production becomes n e c e s s a r y . 
(b) The thickness affects the p ion-energy resolut ion for the 
m e a s u r e d c r o s s sect ion, because pions emerging from the t a rge t with 
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that energy interval that is selected by the channel a re produced at 
different depths in the ta rge t . Hence we cannot sure ly know at what 
energy these pions a r e c rea ted , because as the pions pass through the 
ta rge t to the point of emergence , var iable amounts of their original en­
ergy a re los t . 
(c) A th ick- ta rge t cor rec t ion resul t ing from this random pos i ­
tion of pion creat ion mus t be applied to the m e a s u r e d c r o s s sect ion. 
The magnitude of this cor rec t ion i nc rea se s with ta rge t th ickness . 
In choosing the thickness of the t a rge t for each m e a s u r e m e n t of the 
c ro s s section a compromise was made between these factors and the 
to lerable pion-to-background r a t io in the emulsion. 
The volume of each target was obtained from its d imensions , 
which were obtained by m i c r o m e t e r m e a s u r e m e n t s . The densi t ies of 
the t a rge t s were calculated from the m e a s u r e d weights and volumes . 
F r o m these m e a s u r e m e n t s the number of carbon nuclei per c m 2 , ρt, 
in each ta rge t was determined by the re la t ion 




where D, t and A a re respec t ive ly the density, thickness and atomic 
number of the ta rge t , and Ao is Avogadro 's number . 
4. Pion Detection 
The nuc lea r -emuls ion technique used as the mode of pion de tec ­
tion consis ted of studying the endings of the stopped pa r t i c l e s in Ilford 
C-2 200-micron nuclear emuls ions . The posit ive pions were ident i ­
fied by thei r cha rac t e r i s t i c π-µ-decay endings, while m o s t of the nega­
tive pions were identified by the s tar that r e su l t s from the disruption 
of the nucleus following nuclear capture of the pion. A grea t aid for 
this method of detection was the choice of the angle α at which the emul ­
sion was inclined to the median plane of the magnet ic field. It was 15°, 
therefore mos t of the pions entered the surface of the emulsion at smal l 
angles , and as a r e su l t we re eas i ly dist inguished from the background 
through their cha rac t e r i s t i c sca t te r ing and the rapid change of grain 
density as the pions approached the ends of their r a n g e s . These were 
the c r i t e r i a used for distinguishing s t a r l e s s negative pions from p r o ­
tons having the same res idua l r ange . 
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To stop the incident pions, the nuclear emulsions were imbedded 
in aluminum abso rbe r s for pion energ ies below 60 Mev and in copper 
abso rbe r s for l a rge r pion ene rg ies . The emulsion holders held the 
leading edge of the emulsion 0.3 inch from the median plane of the magnetic 
field. Fo r each c r o s s - s e c t i o n m e a s u r e m e n t th ree different ex­
posures were obtained in one run; the lower holder was kept in place 
throughout the exposure per iod, while the upper holder was rep laced 
by another one pa r t way through the exposure . That emulsion found, 
on development, to have the mos t favorable pion- to-background r a t io 
was used for the measurement of the cross section. 
The total number of pions of energy Ti incident per unit a r ea on 
the face of the detector , in a given energy in terval ∆T, is N(T i)∆T; 
these can be r e l a t e d to the density of pions in the emulsion, q(T i) . For 
s implici ty in F ig . 2 the approximation is made that, the pion paths in 
the absorber a r e s t ra ight l ines . These t r a j ec to r i e s a r e not s t ra ight , 
however (see below), and the following re la t ions a re not dependent on 
this approximation. 
Consider an element of volume of the emulsion whose t rue thick­
ness is d (Fig. 2). The number of pions in the energy in terval ∆T 
that stop in the emulsion is given as n, which is equal to N(T i )∆T∆A, 
where ∆A is an element of a r e a perpendicular to the pion path at the 
emulsion. This e lement of a r e a could be the a r e a a . l where l is the 
scanning dis tance , perpendicular to the plane of F ig . 2. The energy of 
an observed pion can be expres sed in t e r m s of i ts t rue range R, i . e . , 
M1 is the length of the pion path in the absorber before enter ing the 
surface of the emulsion, and x is the length of that pa r t of the path that 
l ies in the emuls ion. T'(x) i s the energy of the pion of range x in the 
emulsion; R ' (T ' ) i s the range of the pion of energy T' in the a b s o r b e r . 
F r o m this express ion we can obtain a re la t ion between the pion energy 
in terva l ∆T, which cor responds to the effective thickness of the emu l ­
sion d c s c α. Thus 
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Fig. 2—Diagram symbolizing relation between pion flux and pion density in 
the emulsion. 
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since dR = 1 , 
dR ' 
where subscr ip ts abs and em refer respec t ive ly to m e a s u r e m e n t s of 
these quantit ies in absorber and emulsion, while T i , as previous ly , 
r e f e r s to the mean pion energy as de termined by the channel . Equation 
(5) mus t be averaged over all poss ible values of T ' . For the case where 
∆x = d∙ csc α these values of T' va ry from ze ro to' T m , where Tm is 
the m e a n e n e r g y of a p ion w h o s e m e a n r a n g e in e m u l s i o n i s d. csc α. 
As a r e s u l t t he a v e r a g e v a l u e of ∆T for ∆x = d∙ csc α i s g iven by 
S ince n ( T i ) = N ( T i ) ∆ T ∆ A , then 
T h i s i s t h e d e s i r e d r e l a t i o n b e t w e e n (a) the t o t a l n u m b e r of p i o n s of 
e n e r g y Ti. p e r cm2 p e r Mev t h a t a r e i n c i d e n t on the face of the a b s o r ­
b e r and (b) the d e n s i t y of t h e s e p i o n s a t t h i s e n e r g y in the e m u l s i o n . 
F o r t h e s e e x p e r i m e n t s the fol lowing v a l u e s for( R a b s ) w e r e u sed : for 
Rem 
c o p p e r 0. 420; for a l u m i n u m 1. 165 . A s shown in F i g . 1 8 b , w h e r e 
the c a l c u l a t e d v a l u e s of t h e s e r a t i o s a r e p l o t t e d a g a i n s t p ion e n e r g y , 
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only a 2. 6% var ia t ion is expected in this r a t io for pion energies from 
2 Mev to 9 Mev. The value for the energy Tm should lie within this 
energy in te rva l . 
The number of pions that had stopped in the emulsion was de te r ­
mined with a microscope using a 97 x o i l - immers ion objective and 6x 
eye p ieces . This microscope was equipped with a special stage that 
enabled the observer to r e s e t the mic roscope with an accuracy of about 
2 m i c r o n s . With this a r r angement the scanned a r ea was accura te ly 
m e a s u r e d . For all these exper iments the emulsions were scanned by 
the same obse rve r . A s e r i e s of checks was made on the scanning ef­
ficiency during this per iod by (a) rescanning by the original observer 
of a r e a s se lected at random, (b) rescanning by new scanners of a r e a s 
selected at random. Fo r this second method a total of 385 π+ -mesons 
was found by new scanners having an es t imated efficiency of 85%. In 
this total number not one meson was found that had not been recorded 
previous ly . On the bas i s of these r e s u l t s , and also because of the fa­
vorable pion-to-background ra t io , a scanning efficiency g rea t e r than 
97% is a s sumed . 
The thickness of the emulsion was m e a s u r e d in two ways: (a) A 
difference m i c r o m e t e r was used to m e a s u r e thecombined thickness of 
the glass and the emulsion immedia te ly before exposure . For each 
plate the mean of 14 readings was taken. After the development, these 
same quantit ies were m e a s u r e d again, as well as the glass thickness 
alone, for each p la te . To pe rmi t d i rec t m e a s u r e m e n t of the glass a 
1/4- inch region of the emulsion was completely removed from each 
end of each plate. (b) A mic roscope with a ca l ibra ted r ack was used 
to m e a s u r e the thickness of the emulsion at the scanning region. The 
measured shrinkage factor was applied to this value to give the t rue 
thickness of the undeveloped emulsion. An average of the m e a s u r e ­
ments by m i c r o m e t e r and by microscope was taken whenever there 
was a d iscrepancy of 2% between the two m e a s u r e m e n t s . Otherwise 
the value obtained from the m i c r o m e t e r m e a s u r e m e n t of the emulsion 
thickness was used. 
The energy Ti of the pion incident on the face of the detector was 
obtained from the re la t ion between i ts momentum, i t s mean radius in 
the channel, and the s trength of the magnet ic field. The value of this 
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energy was converted to the mean range of the pion in the absorber by 
modifying, in the conventional manner , the r ange -ene rgy tables2 4 ca l ­
culated for p ro tons . The actual position in the absorber of this ca lcu­
lated range (which de te rmines the position of the scanning a rea) is in­
fluenced by severa l factors that affect the energy of the pion upon i ts 
passage through m a t t e r . These a r e : (a) sma l l - ene rgy - t r ans f e r i n e l a s ­
tic events , (b) the var ia t ion of the nuclear absorption and la rge-ang le 
scat ter ing c r o s s section with energy, (c) elapsed flight t ime of the pion, 
(d) energy dis tr ibut ion of the incident beam, (e) range s t raggl ing, and 
(f) mult iple Coulomb sca t te r ing . The f i r s t th ree have but a minor ef­
fect on the range shortening. They a r e , however, cons idered as c o r ­
rec t ions to the m e a s u r e d c r o s s sect ion. The las t ' two factors mus t be 
cons idered in detail , for they may have a considerable effect on pion 
range shortening, pa r t i cu la r ly in the low-energy region. 
An i l lus t ra t ion of this range shortening for monoenerget ic proton 
and pion beams is p resen ted in F ig . 27 and Fig . 14b. F igure 27 is a 
plot of the region near the end of the projected range in copper for a 
340-Mev proton beam. As explained l a t e r , this is not an in tegra l 
range curve . As the calculated range in copper for a 340-Mev proton 
is 92. 7 g / c m 2 , the possible range shortening in this case is e s t i m a ­
ted at 3%. 
F igure 14b is a plot of a port ion of the projected range-s t ragg l ing 
curve for 9.2-Mev pions in aluminum. In this case the peak of the p i ­
on distr ibution may have shifted to 69% of the actual calculated r ange . 
This es t imate may in p a r t be substant iated by the projec ted range curve 
for a monoenerget ic 8-Mev beam of pions in emulsion,2 5 where the peak 
of the observed pions occurs at approximately 68% of the calculated 
range . Such l a rge differences between the calculated range and the p r o ­
jected range at which the maximum pion distr ibution occurs i s not ex­
pected for h igh-energy pions . However, account mus t be taken of this 
gradual fall-off of the in tegra l range curve for p ions , since the loca­
tion of the c o r r e c t scanning a r e a is vital to the success of this de tec­
tion technique. It is obvious that an e r roneous choice could not only 
se r ious ly influence the apparent shape of the observed spec t rum but 
a lso a l te r the ove r -a l l magnitude of the total c r o s s sect ion. 
For the study of a slowly varying continuous spec t rum, this p r o b ­
lem of p roper location of the scanning region is great ly simplified. 
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Since the channel is designed to accept pions of a definite energy d i s ­
tribution, it may be a s sumed that the pion distr ibution in the absorber 
as a function of projected range is Gaussian for each energy within 
this in terva l . A fold of these Gaussian distr ibut ions for all the accep­
ted energies produces a sizable flat distr ibution of pions in the abso rb ­
er about the posit ion of the projected range for a pion whose mean en­
ergy is defined by the channel. The probable position of this projected 
range was obtained by calculating the range shortening resul t ing from 
multiple sca t te r ing and range straggling by the previously r epor t ed 
methods. 2 3 , 1 
The scanning a r e a was chosen in such a way that when these con­
s idera t ions were taken into account, the accepted half angular spread 
about the mean angle of observat ion cor responded to the previous ly 
mentioned va lues . For all but the lowest energy, the scanning i n t e r ­
val cor responded to an energy spread that was appreciably smal le r 
than that introduced by the ta rge t . For these c r o s s sections the en­
ergy half width of the production ta rge t was taken as a good approxi ­
mation for the energy resolut ion. For the lowes t -energy c ro s s s e c ­
tions the r e v e r s e situation existed, and therefore the energy half 
width of the scanning a r e a was used for the energy resolut ion. 
5. Calculation of the C r o s s Section 
By combining equations 1, 3, 4, and 6 one a r r i v e s at the e x p r e s ­
sion for the differential c r o s s section, 
(in units cm2 Mev -1 s te radian - 1 n u c l e u s - 1 ) , which was used to ca lcu­
late the r e su l t s p resen ted . Three cor rec t ions were applied to this 
calculated c r o s s sect ion. 
a. Cor rec t ion for pion decay in flight 
Because of the unstable na ture of pions, some of those pions c r e ­
ated in the ta rge t decay before reaching the emulsion. The re la t ive 
probability that a positive or negative pion of mean life26,27 τπ = 2.54 × 10-8 sec 
survives a time τ(Ti) in its proper frame is 
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exp-(τ / τπ). The value of τ(T i) was obtained by integrat ing 
over the ent i re pion t ra jec to ry . Here dt r e p r e s e n t s the co r r e spond­
ing t ime in the l abora tory f rame of re fe rence ; v, m π , and pi a re r e ­
spectively the velocity, r e s t m a s s and momentum of the pion; ds is 
the element of the path length t rave led in t ime dt; and c i s the velocity 
of light. The elapsed proper t ime during the pion 's flight in a i r , τair, 
is easi ly calculable, as the change in pion momentum is negligible in 
a i r . This t ime is given by. 
1.565 × 1 0 - 5 ø' seconds, H 
where ρ is the mean radius of the channel, and Φ' (expressed in r a ­
dians) is the angle through which the t r a jec to ry of a pion of energy 
Ti (Mev) is bent in a i r by a uniform magnet ic field of s t rength H (gauss) . 
To compute the elapsed proper t ime τabs in abso rbe r , two ap ­
proximat ions were made: (1) the pion momentum in the absorber is 
given by the nonrelativistic approximation pπ2 = 2mTπ; (2) the empirical 
range-energy relation28, Tπ = KR0.58 where K is a constant of 
the abso rbe r , can be used. As the t ime spent by the pion in absorber 
is approximately 10% of i ts t ime in a i r , the e r r o r s introduced by these 
approximations can be neglected. Then 
where R is the range in cen t ime te r s of abso rbe r . The total lapsed t ime 
τ(Ti) = τair + τabs and therefore the calculated cross section was multiplied 
by exp [108τ(Ti)/2. 54] 
b . Cor rec t ion for thick ta rget 
The quantity m e a s u r e d in the exper iment is the number of pions 
of energy T emerging from the t a rge t in an energy in terva l ∆T that 
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is defined by the channel. These pions have been produced at var ious 
depths in the ta rget with energies δx, where δx is the 
mean ta rge t thickness between the point of pion creat ion and i ts point 
of exit from the ta rge t . The re fo re a relat ion mus t be obtained between 
the energy interval at production ∆T' and the observed energy interval 
∆T. We may express the pion energy at production as a function of i ts 
mean range R in the t a rge t m a t e r i a l by 
where RE (T) is the mean range in the t a rge t m a t e r i a l of a pion with 
exit energy T. As this express ion is a function of T and δx, we can 
differentiate with r e s p e c t to T while holding δx constant to obtain the 
re la t ion 
Since this r e su l t holds for any fixed δx, it mus t be averaged over the 
range of the poss ible δx va lues . The values of δx va ry from ze ro to 
t as T' changes from T to T + δT, where δT is the mean energy loss 
through the t a rge t of thickness t of a pion that was c r ea t ed at the front 
face of the t a rge t and emerged with an energy T. An average of Eq. (8) 
over the range of δx for a fixed energy T gives 
The calculated c r o s s sections a r e mult ipl ied by this factor and a r e r e ­
por ted as though the pions originated at the center of the ta rge t . 
c. Cor rec t ion for nuclear in teract ion and l a rge -ang le sca t te r ing 
in the absorber 
As previous ly stated, some of the pions incident on the absorber 
a r e r emoved from the pion flux at the emuls ion by nuclear absorpt ion 
and l a rge -ang le sca t te r ing during the slowing-down p r o c e s s in the 
abso rbe r . The available exper imenta l data2 9 , 3 0 for such nuclear in­
te rac t ions on var ious m a t e r i a l s and at severa l energ ies a r e mainly in 
the form of total c r o s s sect ions, and a r e not too re l iably separa ted 
into contributions due to inelast ic scatterings, to nuclear absorption, 
and to l a rge -ang le e las t ic sca t te r ing . To make an accura te c o r r e c ­
tion for these effects one needs information on the energy dependence 
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of t h e s e c o m p o n e n t s of n u c l e a r i n t e r a c t i o n . As th i s i s not a v a i l a b l e , 
an a p p r o x i m a t e c o r r e c t i o n to the c r o s s - s e c t i o n c a l c u l a t i o n s can be 
made , s i n c e the e x p e r i m e n t a l i n f o r m a t i o n on t h e s e ef fec ts s u g g e s t s 
t h a t t he a s s u m p t i o n of g e o m e t r i c n u c l e a r a r e a πr2 for the t o t a l n u ­
c l e a r a t t e n u a t i o n c r o s s s e c t i o n σa m a y be s a t i s f a c t o r y . T h e r e f o r e 
each calculated cross section was multiplied by exp(µρt) where µ = σaAo/A, 
Ao is Avogadro's number, ρt is the thickness of the absorber 
in grams per cm2,r = 1.4 × 10-13 A1/3 cm, and A is the atomic 
we igh t of the a b s o r b e r . 
6. E x p e r i m e n t a l R e s u l t s 
Al l e x p e r i m e n t a l r e s u l t s a r e p r e s e n t e d in t a b u l a t e d and p l o t t e d 
f o r m . 
a. P o s i t i v e - p i o n c r o s s s e c t i o n s 
1. T a b l e I c o n t a i n s the d a t a ob ta ined for p r o d u c t i o n of p o s i t i v e 
p i o n s f r o m c a r b o n a t 0° t o the p r o t o n b e a m . I t i s b a s e d on 1281 p ion 
e v e n t s . The fol lowing n o t a t i o n i s u s e d . The e x p r e s s i o n ( d
2σ+ 
) u n c o r r d T d Ω 
r e p r e s e n t s the c a l c u l a t e d d i f f e r e n t i a l p r o d u c t i o n c r o s s s e c t i o n in un i t s 
of cm2 M e v - 1 s t e r a d i a n - 1 n u c l e u s - 1 for e n e r g i e s of p ions t h a t a r e c r e ­
a t e d a t t he c e n t e r of the t a r g e t , a s i t i s ob t a ined f r o m E q . (7) . T h e 
e x p r e s s i o n ( 
d2σ+ 
)a,b i s the v a l u e of( d
2σ+ )uneorr a f t e r i t h a s b e e n 
dTdΩ dTdΩ 
c o r r e c t e d for (a) p ion d e c a y in f l ight , and (b) t h i c k t a r g e t . L i k e w i s e 
( 
d2σ+ ' )a,b,c i s the v a l u e of( d
2σ+ )uneorr when c o r r e c t e d for (a) p ion 
, dTdΩ d T d Ω 
d e c a y in f l ight , (b) t h i c k t a r g e t , and (c) n u c l e a r i n t e r a c t i o n and l a r g e - a n g l e 
s c a t t e r i n g in the a b s o r b e r . A p l o t of( d
2σ+ )a,b and( d
2σ+ 
) a , b , c 
dTdΩ dTdΩ 
as a funct ion of p ion e n e r g y i s p r e s e n t e d in F i g . 3 . On th i s f i g u r e the 
p r o b a b l e s h a p e s of the e x p e r i m e n t a l s p e c t r a a r e s k e t c h e d in for t h e s e 
two c a s e s . The a r e a unde r the c u r v e for( d
2σ+ )a,b,c w a s ob t a ined by 
dTdΩ 
m e a n s of a h i s t o g r a m . T h i s v a l u e a p p e a r s in T a b l e I . The e r r o r s 
g iven a r e p r o b a b l e e r r o r s of p u r e l y s t a t i s t i c a l o r i g i n . 
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T a b l e I 




N o . of 
p i o n s 
( 
d2σ+ ) u n e o r r × 1 0 3 0 
cm2 
C o r r e c t i o n s 
( 








T i m e of 
(b) 
T h i c k 
(c) 
N u c l e a r 
dTdΩ dTdΩ 
M e v - S t e r - N u c l e u s f l ight t a r g e t i n t e r a c t i o n M e v - S t e r - N u c l e u s M e v - S t e r - N u c l e u s 
1 5 . 7 79 3 . 6 3 ± 0 . 2 8 1.15 1.06 1.02 4 . 2 4 ± 0 . 3 4 4 . 4 9 ± 0 . 3 4 
37 153 6 . 1 5 ± 0 . 3 4 1.10 1.04 1.08 7 . 0 0 ± 0 . 3 8 7 . 5 6 ± 0 . 4 1 
56 173 9 . 2 0 ± 0 . 4 7 1.09 1.03 1.18 1 0 . 3 4 ± 0 . 5 3 1 2 . 1 6 ± 0 . 6 2 
72 284 1 1 . 6 2 ± 0 . 4 6 1.08 1.02 1.23 1 2 . 7 3 ± 0 . 5 1 15 .72 ± 0 . 6 3 
90 242 1 4 . 1 6 ± 0 . 6 1 1.08 1.01 1.35 15 .42 ± 0 . 6 7 2 0 . 7 6 ± 0 . 9 0 
112 202 1 0 . 6 9 ± 0 . 5 0 1.07 1.00 1.52 1 1 . 4 6 ± 0 . 5 4 1 7 . 3 8 ± 0 .82 
132 123 8 . 9 7 ± 0 . 5 4 1.06 1.00 1.70 9 . 5 5 ± 0 . 5 8 1 6 . 1 9 ± 0 . 9 8 
162 25 3 . 0 1 ± 0 . 4 0 1.06 1.00 2 . 0 4 3 . 1 8 ± 0 . 4 3 6 . 4 8 ± 0 . 8 7 
B a s e d on 1281 P i o n s ( dσ
+ 
)a,b,c = ( 2 1 . 0 4 ± 0 .50 ) × 1 0 - 2 8 cm
2 
dΩ S t e r - N u c l e u s 
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Fig. 3—Spectrum of production cross section for positive-pion 
production in carbon by 340-Mev protons. 
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2. Table II contains the results that were obtained for positive-pion 
production from carbon at 90° to the proton beam. These data 
are based on 1071 π-µ-decays. In presenting these results the same 
notation is followed as in Table I . 
Plots of ( d




) a , b , c dTdΩ 
as a function of pion energy a r e p resen ted in Fig . 4. 
The probable shapes of the exper imenta l spec t ra are sketched in for 
the two c a s e s . The a r e a under the curve for ( d2σ+ )a,b,c was obtained 
dTdΩ 
by means of a h i s tog ram. This in tegra l value appears in Table 
II. The e r r o r s given a r e probable e r r o r s . 
b. Cross sections for negative pions 
1. Prong distribution 
It is a wel l -es tab l i shed fact that slow negative pions in te rac t 
s t rongly with complex nuclei , and that these pions, if brought to r e s t 
in the emulsion, frequently produce observable nuclear d is in tegra t ions . 
It is a lso well known that some negative pions, when brought to r e s t in 
emulsion, produce no observable events . The r equ i remen t of Eq. (7) 
for π- c r o s s - s e c t i o n calculation is an accura te knowledge of the total 
number of negative pions that stop in a given volume of emulsion. B e ­
cause the production c r o s s sections from proton bombardment a r e usu­
ally much smal le r for negative pions than for posit ive pions, much long­
er exposures a re n e c e s s a r y if a significant number of negative pions 
a re to be observed. As longer exposures introduce a l a rge r background 
in the emulsion, it becomes p rogres s ive ly m o r e difficult to identify the 
s t a r l e s s negative pion endings. The accepted procedure for measur ing 
a π- -production c r o s s section is to de te rmine the number of s t a r - f o r m ­
ing negative pions in a given volume of emulsion. Therefore , in addi­
tion to the three cor rec t ions that were applied to Eq. (7) for the ca l ­
culation of the π+ c r o s s section, another cor rec t ion mus t be introduced 
for the calculation of the π- c ro s s section. This can be considered 
either as a cor rec t ion for the detection efficiency of an observer using 
the emulsion technique for observing negative pions, or as a ze ro -p rong 
cor rec t ion . So as to minimize the over -a l l sys temat ic e r r o r , it is i m ­
portant to analyze this cor rec t ion factor . 
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T a b l e II 








C o r r e c t i o n s 
( 
d2σ+ )a,b× 1 0 3 0 
cm2 
( d2σ+ )a,b,c× 1030 
cm2 
d T d Ω dTdΩ dTdΩ 
(a) 
T i m e of 
flight 
(b) 
T h i c k 
t a r g e t 
(c) 
N u c l e a r 
i n t e r a c t i o n (Mev) M e v - S t e r - N u c l e u s M e v - S t e r - N u c l e u s Mev -S te r - N u c l e u s 
1 6 . 4 157 3 . 3 7 ± 0 . 1 8 1.17 1.09 1.02 4 . 3 1 ± 0 . 2 3 4 . 3 8 ± 0 . 2 4 
3 7 . 5 395 4 . 1 2 ± 0 . 1 4 1.11 1.05 1.08 4 . 8 1 ± 0 . 1 6 5 . 1 9 ± 0 . 1 8 
57 312 2 . 8 2 ± 0 . 1 1 1.09 1 .04 1.18 3 . 1 9 ± 0 . 1 2 3 . 7 5 ± 0 . 1 4 
73 133 1.87 ± 0 . 1 1 1.08 1.03 1.23 2 . 0 7 ± 0 .12 2 . 5 5 ± 0 . l 5 
91 49 0. 71 ± 0. 07 1.07 1.02 1.35 0 . 7 7 ± 0 . 0 7 1.04 ± 0 .10 
112 25 0 . 4 1 ± 0 . 0 6 1.06 1.01 1.52 0 . 4 4 ± 0 . 0 6 0 .67 ± 0 .09 
B a s e d on 1071 P i o n s ( d σ
+ 
)a,b,c = ( 3 . 3 5 ± 0. 07) × 1 0 - 2 8 
cm2 
dΩ S t e r - N u c l e u s 
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Fig. 4—Spectrum of production cross-sections for positive pions 
produced in carbon by 340 Mev protons. 
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Star prongs leaving the te rminus of a negative pion have p rev ious ­
ly been studied in nuclear emuls ions . The approximate numbers of 
stopped negative pions observed by different authors were : Pe rk in s 3 1 --
100; Adelman and Jones1 7 - -512; Cheston and Goldfarb31 - -500; Menon, 
Muirhead, and Rochat1 7 - -1800; and Adelman3 1 - - 1 6 3 1 . The p r i m a r y 
purpose of these observat ions , with the possible exception of those by 
Adelman and Jones , was to study the spec t rum of fast protons ar i s ing 
from nuclear dis integrat ions that a re caused by capture of negative p i ­
ons. F u r t h e r m o r e , only two of these groups (Adelman and Jones , and 
Menon, Muirhead, and Rochet) have used the same convention as is used 
in these studies for defining a p rong- - any group of gra ins leaving the 
t e rminus of a pion with a well-defined direct ion is a s ta r prong. The 
r e s u l t s obtained by these two groups a r e displayed in Table III, along 
with the prong distr ibution that was obtained from the production stud­
ies of the π- spec t rum at z e ro degrees to the proton beam. 
The r e su l t s of these th ree se ts of data a re in good agreement . In 
all cases where this zero-prong ratio was established, however, the e-mulsion 
contained a high proport ion of background. Because of the na ­
ture of the exposure it is safe to a s sume that the nuclear p la tes obtained 
outside the cyclotron with the pa i r -magne t technique contained the l a r g ­
es t p ion- to-background r a t io . F r o m the scanning of these p la tes one 
can as sume that the two groups of expe r imen te r s exper ienced at l eas t 
the same amount of confusion in the in te rpre ta t ion of events that could 
be classed either as starless pions or background. Accordingly a star-prong 
distr ibution from π- studies with Ilford C-2 emulsions using a 
sp i r a l -o rb i t spec t romete r was compiled; it is p resen ted in Table III and 
Fig. 5 (a). 
The sp i r a l -o rb i t spec t romete r plates in some cases contained a 
pion-to-background r a t io that was at l eas t 104 as l a rge as in many of 
the nuclear p la tes obtained with the pai r magnet . The emulsions ex­
posed with the sp i r a l -o rb i t spec t romete r were r emarkab ly clean of 
background t r acks ; in some ins tances an observer could locate 100 
negative pions in the course of an eight-hour day. Although the use of 
the sp i r a l -o rb i t spec t romete r has grea t ly minimized the possibi l i ty of 
confusing s t a r l e s s pions with background, neve r the le s s , another dif­
ficulty has a r i s e n . Because of the nature of the sp i r a l -o rb i t pr inc ip le , 
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T a b l e III 
P r o n g D i s t r i b u t i o n f r o m T e r m i n u s of S topped N e g a t i v e P i o n s in 
I l fo rd E m u l s i o n s (In p e r c e n t ) 
E x p e r i m e n t 
How Exposed 
(No. of Events) 
N u m b e r of p r o n g s in s t a r 
0 1 2 3 4 5 6 7 
M e n o n 
Muirhead 
Rochat 
I n s i d e 184" 
c y c l o t r o n (1137) 
... 
33.7 ± 1.7 33.1 ± 1.7 22.1 ± 1.4 9.3 ± 1.0 1.7 ± 0.4 0 0 
C o s m i c r a d i a t i o n 
(665) ... 34.7 ± 2.3 28 .1 ± 2.0 21 .4 ± 1.8 13.5 ± 1.4 2 .5 ± 0.6 0.3 ± 0.2 0 
C o m b i n e d r e s u l t s 28 ± 2 24 .4 ± 1.2 22 .5 ± 0.9 15.7 ± 0.8 7.9 ± 0.6 1 .4±0 .2 0.07 ± 0.07 0 
A d e l m a n 
J o n e s 
I n s i d e 184" 
c y c l o t r o n (512) 26.8 ± 2 21 .5 27 15.2 7.8 1.8 0 0 
A d e l m a n I n s i d e 184" 
c y c l o t r o n (1631) ... 32 .4 ± 1.0 32.7 ± 1.0 22 .3 ± 0.8 10.5 ± 0.6 2.0 ± 0.2 0.1 ± 0.l 0 
F r o m 0° 
π-
Spectrum 
P a i r - m a g n e t 
o u t s i d e 184" 
c y c l o t r o n (853) 
2 9 . 1 ± 1 . 8 27 .9 ± 1.8 20.2 ± 1.5 15.8 ± 1.2 6.3 ± 0.9 0.6 ± 0.3 0 0.1 ± 0.l 
9 0 ° E x ­
p e r i m e n t s 
on π- P r o ­
duc t ion 
S p i r a l - o r b i t 
s p e c t r o m e t e r 
o u t s i d e 184" 
c y c l o t r o n (4882) 
(26.2-1.0+0.3)* 
27.0 ± 0.7 22 .6 ± 0.7 16.3 ± 0.6 6.9 ± 0.4 0.9 ± 0.1 0.16 ± 0.06 0.02 ± 0.02 
* T r u e V a l u e i s s m a l l e r . A s m a l l c o n t a m i n a t i o n c o r r e c t i o n i s n e c e s s a r y . 
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Fig. 5—(a) Histogram of prong distributions for 4882 π- mesons from 
spiral-orbit spectrometer data. (b) Histogram of prong distributions 
for 853 π- mesons from forward direction π- data. 
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which is briefly d iscussed la te r , the determinat ion of the possible 
µ- -meson contamination that is c rea ted during the flight t ime of some 
of the negative pions in the heterogeneous field becomes difficult. It 
is not easy to see that this contamination is ve ry smal l . There is some 
direct exper imenta l evidence, however, on the validity of this s t a t e ­
ment from the study of the "fly-back effect" in the m e a s u r e m e n t of the 
posi t ron decay spect rum from µ+ mesons . 3 2 These arguments a r e 
not considered in this paper . However, because of this µ- contamina­
tion effect, one can say that the 26. 2% appearing in Table III is an up­
per l imit to the cor rec t ion for s t a r l e s s negative pions. The negative 
e r r o r of this value has been inc reased in Table III to compensate for 
the possible µ- contamination. 
To s u m m a r i z e : Each π- c r o s s section was obtained by de te rmin­
ing the number of s t a r - fo rming negative pions and cor rec t ing this num­
ber by the factor 1.35 ( i . e . , taking account of a 26% ze ro -p rong c o r ­
rect ion) to obtain the total number of negative pions that stopped in a 
given volume of emulsion. 
2. π- Spectrum at 0° to the proton beam 
Table IV contains a summary of the r e su l t s from the π- - p r o ­
duction exper iment on carbon at 0° to the proton beam. These data 
a r e based on 605 s t a r - fo rming negative p ions . The notations a r e the 




contains the ze ro-prong cor rec t ion . A plot of( d
2σ-
)a.b dTdΩ dTdΩ 
and( d2σ- )a,b,c as a function 
dTdΩ 
of pion energy is p resen ted in F ig . 6. 
The a r e a under the curve for( d
2σ- )a,b,c was de termined by means 
dTdΩ 
of a h i s togram, and is p resen ted in Table IV. As previous ly , the r e ­
por ted e r r o r s a r e probable e r r o r s of pure ly s ta t i s t ica l origin. 
c. Product ion ra t ios of charged pions at 0° to the proton beam 
F r o m the production c r o s s sect ions for posit ive and negative p i ­
ons at 0° , one can obtain ei ther the π+/π- or the π-/π+ r a t i o s . For 
convenience, both of these ra t ios and their probable e r r o r s were ca l ­
culated for each pion energy and a r e p resen ted in Table V and in F ig . 7. 









p i o n s 
d2σ-













)a,b × 1031 cm 
d2σ-
)a,b,c × 1031 
cm2 
dTdΩ dTdΩ dTdΩ 
(Mev) Mev-Ster-Nucleus Mev-Ster -Nucleus Mev-Ster-Nucleus 
11.5 50 2.66 ± 0.25 1.17 1.12 1.01 3.47 ± 0.33 3.51 ± 0.34 
28 112 3.79 ± 0.24 1.09 1. 10 1.04 4 .53 ± 0.29 4 .73 ± 0.30 
38 115 4. 72 ± 0. 47 1.08 1.06 1.08 5.40 ± 0.34 5.83 ± 0.37 
56 109 5.92 ± 0.38 1.06 1.03 1. 16 6.48 ± 0.42 7.50 ± 0.48 
72 96 6.67 ± 0.46 1.08 1.02 1.23 7.31 ± 0.50 9.02 ± 0.62 
91 97 4.79 ± 0.33 1.08 1.02 1.35 5 . 2 6 ± 0.45 7.10 ± 0.61 
113 25 2. 18 ± 0.29 1.07 1.02 1.52 2.38 ± 0.32 3.60 ± 0.45 
133 1 0. 15 ± 0. 10 1.07 1.01 1. 70 0.17 ± 0.12 0.29 ± 0.20 
163 0 0.00 + 0.01 1.07 1.01 2 .06 0.00 + 0. 01 0.00 + 0.03 
Based on 605 S t a r - F o r m i n g (Negative Pions ( dσ
-




Fig. 6—Spectrum of production cross-section for negative π 
mesons produced in carbon by 340 Mev protons. 
- 36 -
Table V 
Product ion Rat ios for Posi t ive and Negative Pions from 









) dTdΩ dTdΩ dTdΩ dTdΩ 
15. 5 0.086 ± 0.010 11.6 ± 1.4 
37 0.077 ± 0. 006 13.0 ± 1.1 
56 0.062 ± 0.005 16.2 ± 1 . 3 
72 0.057 ± 0.004 1 7 . 4 ± 1.4 
90 0.034 ± 0.003 29.2 ± 2 . 4 
112 0.021 ± 0.003 48.2 ± 6 . 9 
132 0.002 ± 0.001 ... 
160 0.000 + 0.00006 ... 
[( 
dσ+ 
) / ( 
dσ- )]a,b,c = 29 .5 ± 1.2 
dΩ dΩ 
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Fig. 7—Positive-negative pion production ratios from 
carbon at 0° to a 340 Mev proton beam. 
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C. Exper imenta l Studies With A Spi ra l -Orbi t Spect rometer 
1. Some Facts Concerning the Spiral-Orbit Principle 
The pr inciple is based on the fact that a pa r t i cu la r heterogeneous 
field can be c rea ted that is symmet r i c about the magnet ic axis and 
gradually dec r ea se s as the distance from this axis is i nc reased (ref­
e rences 7 through 13). If the axis of a cyl indrical coordinate sys tem 
(r, θ, z) is made to coincide with the axis of the magnetic field, then 
the equations for the components of this magnet ic field can be r e p r e ­
sented as functions satisfying the following conditions: 
H r = H r ( r , z) = - H r ( r , z), 
Hθ = 0 H z = H z ( r , z) = H z ( r , - z ) . 
F u r t h e r m o r e , if a pa r t i cu la r re la t ion exis ts between the field s t rength 
and the momentum of a charged pa r t i c l e that i s emit ted rad ia l ly in this 
field by a source that is cent ra l ly located in this symmet r i c magnet ic 
field, the orbit of this par t ic le converges to a definite c i r c l e . T h e r e ­
fore, this method of direct ional focusing pe rmi t s high in tens i t ies to 
a r i s e because of the l a rge solid angle subtended by the detector , as 
all charged pa r t i c l e s that a r e emit ted in the (r , θ) plane and that sa t ­
isfy the r equ i r ed momentum condition converge to the same c i r c l e . 
The c i r cu la r orbit to which the pa r t i c l e s converge is commonly r e ­
fe r red to as the "s table orbi t" . 
The conditions to be met by a par t i c le that converges to the stable 
orbit can be der ived in the following manne r . Because of the axial 
symmet ry of the magnet ic field, the components of the field take on a 
s impler form when expressed in t e r m s of the components of the v e c ­
tor potential . These a r e : 
A r = A z = 0, Aθ = A θ ( r , z) = A. 
It can be shown33 that for the motion of a par t i c le of charge -e in a 
s tat ic magnet ic field, the appropr ia te Lagrangian is given by 
where e is expressed in e lec t romagnet ic uni ts . For our condition 
this express ion takes the form, 
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Substituting this Lagrangian into the Langrange equations of motion, 
which are 
where qi r e p r e s e n t s any coordinate, one obtains the following three 
equations of motion: 
where C1 is a constant of the motion, since ∂L = 0. 
∂θ 
Equation (8c) can be modified to yield 
where Q is an express ion used in re fe rences 9 and 12, and U is now 
a scalar potential function in t e r m s of which very simple re la t ions 
can be obtained for the other two equations of motion. These a r e 
By multiplying these simple equations through by r and z respec t ive ly 
and adding, one obtains the relat ion 
Pτ2 + Pz2 + 2mU = p 2 . (9) 
As the momentum of the par t ic le p is constant during the motion, then 
Eq (9) is also a constant of the motion. 
Ir pa r t i cu la r , for the case of a par t ic le that is emit ted from the 
center of the coordinate sys tem and moves in the plane (r , θ), it is 
easi ly verif ied that the' following equations of motion, 
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and m r θ = eA, (10b) 
a re satisfied as z = 0, z = 0, and C1 = 0. A par t i c le that is governed 
by these equations of motion approaches a stable orbit at a rad ius r = ρ 
if the following conditions a r e satisfied: 
(a) r = 0 and (b) = 0 . (11) 
Condition (11a) combined with Eq. (10) yields 
which defines the momentum of the pa r t i c l e that converges to the stable 
orbit . Condition (11b) r equ i r e s that ( ∂A )r=ρ = 0, i. e . , that the value 
∂r 
of A be a maximum at r = ρ. Hence from the re la t ionship for the t o ­
tal flux ø = ⌠ when evaluated at the stable orbit , 
we obtain 
or 
As f i r s t pointed out by Iwata, Miyamoto, and Kotani,9 Eq. (13) d e t e r ­
mines the rad ius ρ of the c i r c l e of convergence. F u r t h e r m o r e , Eq. 
(13) shows that the rad ius of convergence ρ depends on the shape of 
the magnet ic field s t rength i r r e spec t i ve of the absolute value of the 
magnet ic field. To s u m m a r i z e , a pa r t i c le converges to the stable 
orbit at a rad ius r = ρ if it sat isf ies the conditions stated in E q s . (12) 
and (13). 
The t ra jec to ry of the par t ic le in the plane (r, θ) is de te rmined by 
the re la t ion θ = 
r 
d r . This in turn can be expres sed in t e r m s 
∫ 
o 
of the p a r a m e t e r s of the magnet ic field as 
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where a(x) = A(r) , x = r and cos λ= A(r) ∙ The angle λ is defined 
A(ρ) ρ A(ρ) 
in F ig . 10. 
2. Detai led Descr ipt ion of Exper imenta l Method 
a. Magnet and exper imenta l p rocedure 
The spec t romete r that was employed in this exper iment embodied 
in its design the knowledge gained in earlier studies with the spiral-orbit 
principle (references 7 through 13). It was constructed on a some-what 
l a rge r scale than any of i ts pro to types . A photograph i l lus t ra t ing 
its general over-all appearance is shown in Fig. 8. 
The magnet for the 22-inch sp i r a l -o rb i t spec t romete r was designed 
so that the magnet ic gap could be va r i ed to a maximum of 14 inches . 
F u r t h e r m o r e , provis ions were made to p e r m i t a wide choice of m a g ­
netic geome t r i e s . The pa r t i cu la r geometry that was selected for this 
exper iment is i l lus t ra ted in F i g s . 9, 11, and 13. For this geometry 
a continuous magnet ic-f ie ld m e a s u r e m e n t was made , in the median 
plane a c r o s s the en t i re pole face to a region 19 inches from the center 
of the magnet , by means of a bismuth probe method.3 4 The magnet ic 
field was then studied in the same manner at other angles to this d i r e c ­
tion. No appreciable eccent r ic i ty of the magnet ic field distr ibution a t ­
t r ibutable to the r e t u r n paths of the magnet was found. Each continuous 
field m e a s u r e m e n t was completely automatic with r e g a r d to distance 
and field-strength measurements. The accuracy of these relative field-strength 
m e a s u r e m e n t s i s bet ter than 0. 3%. The cal ibra t ion for the 
bismuth probe was obtained by compar ison with proton magnet ic r e s o ­
nance in a uniform field at different field s t r eng ths . When the v a r i a ­
tion in field strength with radia l distance was plotted, corresponding 
points along either of two opposite radi i were found to coincide. The 
results obtained for the variation of the magnetic field strength with 
- 42 -
Fig. 8—Photograph of the spiral-orbit spectrometer. (22-inch) 
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Fig. 9—Plots of magnetic field strength, vector potential, 
and Hr value against radius for a particular geometry of 
the spiral-orbit spectrometer. 
- 44 -
rad ius a re plotted in Fig. 9. 
There a re two methods for determining the position of the stable 
orbit for a charged par t ic le whose motion is in the median plane of 
such a field: a graphic method and an analytic method. 
(a) It is shown in Fig . 9 that the position of the stable orbit 
can be determined graphical ly from an in tersec t ion of a rad ia l plot of 
two functions. The two functions a r e : (1) the product of the magnet ic 
field s t rength H(r) at a point and the radius r at that point; (2) the v e c ­
tor potential A(r) of the magnet ic field. As seen, it is a graphic way 
of establishing the conditions r equ i red by Eqs . (12) and (l3). The position 
of the stable orbit de termined by this method i s ρ = 15.20 inches . 
(b) The value of ρ can be obtained analytically, by f i rs t r e p r e ­
senting the magnet ic field near the s tab le-orb i t position by a polyno­
mia l in r . In this case a four th-degree polynomial was chosen. For 
the in terval (13 r 17) the magnet ic field distr ibution can be r e p r e ­
sented by 
H = a0 + a 1 r + a2r2 + a3r3 + a4r4 
where a0 = 818,584 ; a3 = -1077.94; 
a1 = -224,858 ; a 4 = 18. 542. 
a2 = 23,370.4; 
The vector potential in this radial interval can now be expressed as 
13 r r 
A(r) = 1 
∫ 
H · · r d r + 1 
∫ 
H∙ r d r . 
r r 
0 13 
Using Simpson 's 1/3 rule to obtain the value of the f i r s t in tegra l and 
substituting the express ion for H into the second in tegra l , one obtains 
where b-1 = - 5 , 375, 987 ; b 3 = 5,842. 595 ; 
b 1 = 409, 2 9 2 ; b 4 = -215.588 ; 
b 2 = -74 ,952 .7 ; b5 = 3. 0 9 0 3 3 3 . 
The value of r = ρ that makes A(r) a maximum is obtained through e s ­
tablished methods by f i rs t assuming a value of ρ and substituting this 
value into Eq. (15). This p rocedure is continued until the des i red a c ­
curacy for ρ is es tabl ished. Following such p rocedures a value of 
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ρ = 15. 206 inches was obtained. 
For this case the t r a jec to r ies in the median plane of a par t i c le 
emit ted radia l ly from the axis of magnetic symmet ry were calculated 
by means of Eq. (14). These a re i l lus t ra ted for pions in F ig . 10. 
Such calculat ions a re grea t ly simplified when the re la t ion involving 
the angle λ is used. 
b . P r o p e r t i e s of a sp i r a l -o rb i t spec t romete r having a par t i cu la r 
geometry: pion detection 
Figure 10 partially illustrates the manner in which the spiral-orbit 
pr inciple was applied for the m e a s u r e m e n t of the pion-production 
c r o s s sections at 90° to the proton beam. The plotted pion t r a j ec to r i e s 
demonst ra te that a rad ia l focusing exis ts for pions with a momentum 
specified by Eq. (12). F u r t h e r m o r e , because of the rad ia l var ia t ion 
of the magnet ic field, a ver t i ca l focusing is a lso introduced. These 
two focusing act ions, as well as the r a t e of approach to the stable orbit 
by the t r a jec to ry of a pion emit ted from a source at the center , a re of 
p r i m e impor tance in determining the pion intensi ty at the de tec tor . 
One reason why the r a t e of approach is impor tant can be seen in F ig . 
10; this r a t e of approach grea t ly affects the solid angle subtended by 
the detec tor . In fact, a ve ry slow r a t e of approach could cause the a b ­
sorpt ion of all pions having the r equ i r ed momentum by the shields p r o ­
tecting the de tec tors from direct background c rea ted at the t a rge t . 
F u r t h e r m o r e , because of the unstable na tu re of the pion, a slow r a t e 
of approach would decrease the pion intensity at the detector. 
An insight into these th ree conditions is obtained from the work 
of Iwata, Miyamoto, and Kotani.9 These authors have cons idered 
the p rob lem of rad ia l focusing based on the following boundary condi­
t ions: 
(1) pa r t i c l e s of velocity v that fulfill the conditions of conver ­
gence (Eqs. 12 and 13) a r e emit ted uniformly in all d i rect ions in the 
plane z = 0 from the surface of a source of r = r 0 , 
(2) the center of the detector of width 2d is set at a point on 
the stable orbit , 
(3) the probabil i ty that a pa r t i c l e emit ted at an angle α to the 
direct ion of ro is col lected in the detector is given by I = / 2 π , where denotes the angle through which the par t i c le s tays in the annular 
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Fig. 10—Schematic illustrating application of the spiral-orbit 
principle to charged-pion detection. Pion trajectories are in the 
median plane of the magnetic field. 
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region defined by two concentr ic c i r c l e s , of radius (ρ - d) and (ρ + d). 
F o r these conditions they r epor t the following r e s u l t s : 
(a) for ∆B + 
r0 
sin α 0, i . e . , for the case in which the 
B ρ 
par t ic le never proceeds beyong the c i rc le r = ρ, 
(b) for ∆B + 
r0 
sin α < 0, i . e . , for a pa r t i c le that p roceeds 
B ρ 
through the annular region, 
In these equations B is the value of the vector potential A (r = ρ) at the 
stable orbit while ∆B cor responds to the inc rement of var ia t ion of the 
vector potential from the value B in the neighborhood of the stable o r ­
bit. F u r t h e r m o r e , K is a constant, with a value near unity, that is 
defined only by the shape of the magnetic field distr ibution in the r e - g i o n 
of the stable orbi t . It is introduced because the ra t io A(r) = a(x), 
A(ρ) 
in the neighborhood of the stable orbit , can be expressed by the r e l a ­
tion 
As the r a t e of approach by the t ra jec tory to the stable orbit depends 
on the field distr ibution in the region r = ρ, then this r a t e also depends 
on the value of K. It can be shown (using Eq. 14) that if K>1 the t r a ­
jec tory gradually approaches the stable orbit , while if k<1 the ap ­
proach is much m o r e rapid . 
Iwata, Miyamoto, and Kotani9 have also cons idered the two cases 
for a par t i c le wherein: (a) the direct ion of emiss ion has a smal l z com­
ponent, and (b) the point of creat ion is not in the median p lane . Their 
results illustrate that the z component of the trajectory oscillates a-bout 
the median plane as the stable orbit is approached, according to 
the relation 
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F r o m this express ion it is evident that for K << 1 the per iod of this 
ver t i ca l oscil lation is much shor te r than the per iod of angular r e v o ­
lution, while for K > 1 , this per iod may be comparable to or l a rge r 
than the per iod of revolution. Therefore for K>l, a pa r t i c l e d i s t r ibu­
tion at the detector that is sharply peaked about the median plane is 
expected, while for K < 1 a near ly uniform distr ibution about the m e ­
dian plane should resu l t . These conclusions have been verif ied exper i -
imental ly.2 5 
As the chosen method of detection for these exper iments was a 
nuclear emulsion technique, the following p rope r t i e s of the sp i r a l -o rb i t 
spec t romete r were considered mos t des i rab le : 
(a) a short pion-flight t ime , therefore a fast r a t e of approach by 
the t ra jec to ry to the c i r c l e of convergence (k < 1); 
(b) a pion distr ibution at the detector that va r i e s gradual ly with 
dis tance from the median plane (k < 1); 
(c) a la rge pion-flux density (K > 1). 
As the three conditions cannot be fulfilled simultaneously, the broa 
pa r t i c l e distr ibution at the detector was considered m o r e des i rab le 
than the sharply peaked par t i c le distr ibut ion. In this way if only a s e c ­
tion of the emulsion was examined, a slight e r r o r in locating the same 
scanning region from emulsion to emulsion could be neglected, w h e r e ­
as for a sharply peaked distr ibution about the median plane it would be 
significant. 
One can obtain the value of K for this exper iment by expanding 
the vector potential in the neighborhood of the stable orbit in a Taylor 
s e r i e s . This becomes 
As previous ly stated,( ∂A )ρ = 0. Then comparing this express ion with 
∂r 
Eq. (17),one obtains 
where R is the rad ius of curva ture of A(r) at the position of stable o r ­
bit . The value of R is readi ly obtained from Eq. (15). In this way i t 
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was found that K = 0 .86. 
From the Hρ value at r = ρ one determines the energy of the mono-energetic 
pions that focus at the stable orbit . This pion energy is 9.2 
Mev. As this is the p rac t ica l upper l imit of the magnetic field s t rength 
for the exper imenta l geometry , one is forced to use hollow cyl indrical 
energy degraders (Fig. 10) for the study of higher pion energies. For 
these higher pion energies the numer ica l values of the p a r a m e t e r s that 
were considered by Iwata, Miyamoto,and Kotani9 in their study of the 
behavior of the motion of a charged par t i c le in a sp i ra l -o rb i t spec t rom­
eter a r e no longer c lea r ly defined. As an example, the value of r 0 , 
which defines the surface from, which the pion is emitted, becomes a m ­
biguous. For 9 .2-Mev pions a good approximation for r0 is a value of 
r obtained from an average taken over the thickness of the t a rge t . For 
the detection of pions of higher energies (for example, 40 Mev) r0 no 
longer has the numer ica l value that is used for the 9 2-Mev pion e n e r ­
gy because the 40-Mev pions roust f i r s t be degraded to 9 2 Mev before 
they can be focused at the stable orbit . Hence for these ca ses a t rue r 
value for r0 might be the rad ius of the surface of the cyl indrical degrad­
er (Fig. 10). 
Because of these ambiguit ies a study was conducted on the rad ia l 
and ve r t i ca l focusing p rope r t i e s of the sp i ra l -o rb i t spec t romete r so 
that the r e su l t s from these studies could be compared with the ca lcu la ­
ted predic t ions of Iwata, Miyamoto,and Kotani. F igure 11 i l l u s t r a t e s 
schemat ical ly the exper imenta l a r r angemen t that was used for the de ­
tection of the pions during the radia l focusing experiment; F ig . 13 i l ­
l u s t r a t e s the exper imenta l a r r angement employed during the ver t i ca l 
focusing exper iment . 
For the study of rad ia l focusing (Fig. 11) a solid cyl indr ical c a r ­
bon ta rge t (1 inch in outside diameter and 4 inches long) was mounted 
between the pole faces of the magnet with i ts axis coinciding with the 
axis of the magnet ic field. The magnet ic field s t rength was so set that 
pions having an energy of 8 Mev would be focused at the stable orbit . 
A col l imated 340-Mev proton beam, c i rcu la r in c ros s section and 1.3 
inches in d iameter at the ta rge t , was incident on the ta rge t along the 
magnet ic axis of symmet ry (Fig. 13). Pions that were c rea ted at 90° 
to this proton beam by proton-nucleus coll is ions and that were emit ted 
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Fig. 11 —Schematic of experimental arrangement for studying radial 
focusing in a spiral-orbit spectrometer. 
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from the surface of the ta rge t with an energy of 35 Mev were degraded 
in energy by a copper attenuator to 8 Mev (Figs . 10 and 13). These 
pions were then detected by nuclear emulsions a r ranged as i l lus t ra ted 
in Fig. 11. The monoenerget ic pions entered the detector perpendicu­
la r ly . Copper was used to attenuate the 8-Mev energy of the pions just 
p r io r to detection. Because their projected range in copper (for which 
no in tegra l range curves for 8-Mev pions exis ts) was not known, two 
different th icknesses of Cu were used, side by s ide. In every case 
eight 1 × 3-inch emulsions were exposed s imultaneously. As shown 
in F ig . 11, the emulsion was always sandwiched between two glass 
sur faces . 
It was pointed out in the calculations of Iwata, Miyamoto, and Ko-tani9 
that if all spiral-orbit parameters were fixed and the value r0 
varied, the peak intensity at the detector would decrease as r0 in-creased. 
Therefore four radial-focusing exper iments were made . 
During these exper iments all the sp i r a l -o rb i t conditions were fixed 
while the outer d iameter of the cyl indrical copper degrader was v a r ­
ied. The four exper imenta l values of the outer d iameter were 2. 5 in­
ches , 4. 0 inches , 6. 0 inches, and 8. 0 inches . The effect on rad ia l 
focusing of these f i r s t th ree deg rade r s i s shown in F ig . 12 a. The r a ­
dial focusing for the 2. 5- inch-diameter degrader was analyzed in m o r e 
detai l . These detailed r e su l t s and their s tandard deviation a r e sum­
m a r i z e d in F ig . 12c . F r o m these studies on rad ia l focusing one can 
conclude that: 
(a) a s imi la r shape is obtained for the intensity distr ibution 
near the stable orbit , as is p red ic ted by Eq. (16), 
(b) the peak intensi ty undergoes a smal l shift in posit ion as 
the d iameter of the degrader is inc reased , 
(c) a l a rge i nc rease in the diameter of the degrader m a r k e d ­
ly affects the value of the peak intensity, 
(d) the peak intensity occurs at a value of r that i s smal le r 
than the calculated value of the stable orbi t . 
For the study of ve r t i ca l focusing the same ta rge t and method of 
pion production were used. In this pa r t i cu la r case the magnet ic field 




focused at the detector . The method of detection is i l lus t ra ted in F ig . 
13. For this study the 9. 2-Mev pions were incident on an emulsion 
holder containing four nuclear emulsions that were inclined at 15° to 
the direct ion of the pion beam (Fig. 14a). (The r ea sons for this angu­
lar inclination have been considered above in the discussion of the poor-geometry 
exper imen t . ) This method of pion detection was chosen for 
the study cf ve r t i ca l focusing because it was the one adopted for the 
m e a s u r e m e n t of the pion-production c r o s s sections at 90° to the p r o ­
ton beam. The emuls ions were exposed in the region of peak intensity 
as found from the study of rad ia l focusing. The r e su l t s on ver t i ca l fo­
cusing a r e plotted, with their s tandard deviations, in Fig . 12b. F r o m 
these r e su l t s one concludes that the des i red broad spread of pion d i s ­
tr ibution about the median plane, p red ic ted by the theory for K< 1, 
was obtained. 
The method of detecting the a lmost monoenerget ic and nea r ly p a r ­
allel beam of pions was quite different from that previously descr ibed 
in the poor -geomet ry exper iment . As was pointed out, the re a r e many 
factors known to affect the range of a monoenerget ic pion beam. To 
insure that the pion density in emulsion was not reduced appreciably by 
the wrong choice of thickness of the final degrader (Fig. 14a), a p o r ­
tion of the projected range-s t raggl ing curve in aluminum near the value 
of the calculated mean range was obtained for 9. 2-Mev pions . The r e ­
sults of these m e a s u r e m e n t s a r e plotted in F ig . 14b. Also shown in 
Fig . 14b a r e the calculated mean range of 9. 2-Mev pions and the a c ­
tual exper imenta l thickness that was used with the emulsion holder 
(Fig. 14a) for pion detection during the exper iment . This method of 
detection also gives r i s e to a distr ibution of pion densi t ies in the emul ­
sion, as each inc rement of emulsion volume subtends a different sol ­
id angle at each point of the final deg rade r . The behavior of this den­
sity distr ibution, obtained from approximately 10, 000 pions, i s shown 
in Fig . 14c. This pion-densi ty dis t r ibut ion in emulsion aided grea t ly 
in the study of l a rge π+/π- r a t i o s , as a posi t ive-pion region could a l ­
ways be found in which the pion density was not so grea t as to make 
accura te scanning difficult. 
All these fac tors affecting the pion intensi ty at the de tec tors were 
taken into account in determining the final posit ion of the pion detector 
- 54 -
Fig. 13—Schematic of experimental arrangement in spiral-orbit 





for the pion-production s tudies . As is i l lus t ra ted in F i g s . 10 and 
13, this position is considerably below the calculated value for the 
stable orbit . 
It was pointed out by Miyamoto8 that the alignment of the source 
with the axis of the magnet ic field was essent ia l for the success of 
this type of spec t rome te r . F u r t h e r m o r e , ve ry accura te alignment 
of the ta rget is r equ i red by Eq. (2) for the determinat ion of the geo­
m e t r i c factor C 2 . This r equ i remen t is n e c e s s a r y because the p r o ­
ton flux over the projected a r e a of the ta rge t i s not uniform. Even 
though in this exper iment some ambiguity exists as to what cons t i ­
tutes the source ( i . e . , ro), neve r the l e s s , a special t a rge t holder 
was made with which the t a rge t could be mounted ve ry accura te ly 
with r e g a r d to the magnetic axis of symmet ry and also with r e g a r d 
to the median p lane . F igure 15 i l lus t r a t e s the main fea tures of the 
t a rge t holder and the shape of the hollow conical t a rge t s that were 
used for the production s tudies . The hollow conical t a rge t s p e r m i t ­
ted the exposure of a g rea te r number of t a rge t nuclei to the proton 
beam for a given proton and pion energy l o s s . 
3. Exper imenta l Resul t s on Pion Production 
Two hollow conical t a rge t s were used for the study of the en t i re 
energy spec t rum. A target having a wall thickness of 0. 360 g / cm 2 
was used for the measurement of the 12. 5-Mev and 27-Mev pion-production 
c r o s s sec t ions , and a t a rge t having a wall th ickness of 
0. 720 g/cm2 was used for the higher pion-energy measurements. 
As the total energy loss through the t a rge t was m o r e significant 
for the energy spread than the energy resolut ion of the spec t rome te r , 
this was adopted, for the p resen t , as the energy resolut ion of the 
m e a s u r e d va lues . Table VI i l l u s t r a t e s the behavior of the energy 
resolut ion of the spec t romete r for this geometry . These es t imated 
values were obtained graphical ly from Fig . 10 m e r e l y to i l lus t r a t e 
this point. These values do not take into considerat ion the effect on 
energy resolut ion that is introduced by the energy degrader . This 
effect is sti l l to be considered and is not covered in this r epo r t . 
- 57 -




I l lus t ra t ion of Spi ra l -Orbi t Spect rometer Energy Resolution 
Momentum of 
the pion in t e r m s 







Hρ + 10% Hρ 11.1 3 .7 
Hρ + 5% Hρ 10.1 5.7 
Hρ + 2% Hρ 9 . 5 8 . 4 
Hρ + 1% Hρ 9.35 12 
Hρ 9 . 2 100 
Hρ - l% Hρ 9 . 0 4 . 6 
Hρ - 2% Hρ 8.85 0 
Measuremen t s of re la t ive c r o s s sections at different pion e n e r ­
gies with a sp i r a l -o rb i t spec t romete r r equ i re a knowledge of C2 in 
Eq. (2). One may obtain some insight into the meaning of this geo­
m e t r i c a l factor, as well as an est imat ion of i ts behavior with the v a r ­
iation of pion energy, by comparing Eq. (2) with Eq. (7) obtained from 
the poor -geomet ry exper iment . It should be r e m e m b e r e d that the two 
types of exper iments involve detection methods that a r e as different 
as the basic pr inc ip les on which their success depends. However, 
for a f i r s t approximation (for pion energ ies above 25 Mev), the two 
express ions m a y be equated for the purpose of. obtaining a n u m e r i ­
cal value for C2 on the condition that the differente in the method of 
detection is not considered. On this condition, the equivalence of the 
two methods becomes c lear if one cons iders the s imi la r i ty in the a t ­
tenuation of a h igh-energy pion beam to an energy of 9.2 Mev by the 
two methods . The p ion-energy region where this s imi la r i ty is expec­
ted to hold is the region of l a rge f values ( i . e . , nea r ly equal to unity), 
where f = x /R , R being the mean range of the pion in the absorbe r , and 
x the thickness of absorber that is n e c e s s a r y to attenuate the original 
pion energy Ti to 9.2 Mev. Under these conditons one obtains the ex­
p re s s ion 
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where C3 i s a constant that depends on the uniformity of the proton 
beam at the t a rge t . For t a rge t s that can be accura te ly mounted and 
that have the same projec ted a r e a to the direct ion of the proton beam, 
the constant C3 will be the same for all t a rge t s and pion ene rg i e s . 
Now, (Rabs/Rem)9.2 is a constant; and if: (a) the scanning area remains 
the same and (b) the solid angle of the spec t romete r r e m a i n s 
constant as the pion energy is var ied , then C2 depends only on the 
r a t e of energy loss in the main energy degrader by a pion having an 
initial energy Ti That is, 
c2=( 




Here K is a constant whose value depends on the solid angle. This 
value changes in a nonuniform proton beam if the proton beam pos i ­
tion is va r i ed with r e spec t to the t a rge t . Therefore , in o rder to 
m e a s u r e re la t ive production c r o s s sect ions with a sp i r a l -o rb i t spec ­
t r o m e t e r , it i s essent ia l to es tabl ish the behavior of K as the thick­
ness of the main energy degrader i s va r i ed . 
At f i r s t , only one method was available for making these m e a s ­
u r e m e n t s . (Another is now being used . ) This original method con­
s is ted of studying the spec t rum of posi t ive-pion production from c a r ­
bon with the sp i r a l -o rb i t spec t rome te r , and comparing these r e s u l t s 
with the r e su l t s p re sen ted in Table II . This study of the constancy 
of K is p e r m i s s i b l e if the ta rge t , the proton beam, and the posit ion 
of the detector , a r e fixed for al l pion ene rg i e s . The r e su l t s of this 
study a r e p re sen ted in Table VII. The tabulated e r r o r is the accumu­
lated s tandard deviation. 
These r e s u l t s i l lus t ra te that the solid angle of the sp i r a l -o rb i t 
spec t romete r r e m a i n s constant for pion energ ies above 25 Mev even 
though an energy degrader i s introduced. F r o m a considerat ion of 
these r e s u l t s and a lso the theore t ica l calculat ions on the resolut ion 
of the sp i r a l -o rb i t s p e c t r o m e t e r 9 , a conclusion was reached by Dr . 
R. Sagane and the wr i t e r that the solid angle may r ema in constant 
for pions of energ ies smal le r than 25 Mev. This conclusion that the 
solid angle i s constant throughout, demands an explanation for the 
observed deviation from a constant solid angle at a 12. 5-Mev pion 
- 60 -
energy. It is our present belief that Eq. (7) derived for the poor-geometry 
exper iment is not applicable to such regions of low pion en­
ergy . To tes t these conclusions a m o r e refined method, involving a 
40-inch sp i ra l -o rb i t spec t rome te r , is being used. (This method, 
however, is not discussed in this report.) 
Tab le VII 
Effect of an Energy Degrader on the Solid Angle of a 












12.5 497 1.00 ± 0.15 0.73 ± 0.11 
25 494 2.20 ± 0.26 0.97 ± 0.12 
37 429 3.21 ± 0.32 1 .14± 0.12 
57 483 3.58 ± 0.26 1.00 ± 0.07 
72 204 4.00 ± 0.53 1.00 ± 0.13 
Because of the ambiguity concerning the solid angle in the regions 
of low pion energy, the π- -production c r o s s sect ions from carbon at 
90° to the proton beam a re obtained by d i rec t mult ipl icat ion of the 
m e a s u r e d π-/π+ values and the observed π+ -production c r o s s sect ions 
(Table II). Table VIII s u m m a r i z e s the r e su l t s that were obtained on 
pion production from carbon. The number of observed posit ive pions 
and the number of observed s ta r - fo rming negative pions a r e tabulated 
at each point. In some cases the r epor t ed π+/π- o r , π - / π + r e s u l t s 
a r e not obtained di rect ly from the number of observed pions and the 
application of the ze ro -p rong cor rec t ion factor of 1.35 for the s t a r l e s s 
negative p ions . An additional normal iza t ion factor for posi t ive pions 
mus t be used to take account of the var ia t ion of pion density in the 
emulsion. This factor was previously mentioned in connection with 
F ig . 14C. The same notation is used a s i n Table I . The repor ted e r r o r 
is the s ta t i s t ica l probable e r r o r . 
These data a r e a lso p resen ted in graphical form. F igure 16 r e p ­
r e s e n t s a plot of the π- -production c r o s s sect ions , and a plot of the 
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T a b l e VIII 
Charged-Pion Production Data from Carbon at 90° to a 340-Mev 
Proton Beam 
Tπ O b s e r v e d 
no. of 
π+ mesons 
π+ n o r m a l ­
i z a t i o n 
f a c t o r 
O b s e r v e d 
n o . of s t a r 
π- m e s o n s 
π+/π-
R a t i o 
π-/π+ 
R a t i o ( 
d2σ-




(Mev) ( cm 2 M e v - 1 S t e r - 1 N u c l e u s 
1 2 . 5 ± 2 872 1.000 145 4 . 4 6 ± 0 . 2 3 0 . 2 2 4 ± 0 . 0 1 2 
1 6 . 5 ± 2 0 .202 ± 0 . 0 1 3 8 . 7 1 ± 0 . 6 8 8 . 8 5 ± 0 . 6 9 
25 ± 1.5 1602 1.678 296 6 . 7 0 ± 0 . 2 5 0 . 1 4 9 ± 0 . 0 0 6 7 . 5 0 ± 0 . 6 8 7 . 8 0 ± 0 . 6 9 
3 7 . 5 ± 2 1455 1.415 161 9 . 4 4 ± 0 . 4 6 0 . 1 0 6 ± 0 . 0 0 5 5 . 1 0 ± 0 . 3 0 5 . 5 0 ± 0 . 3 3 
57 ± 2 895 1.090 59 1 2 . 2 0 ± 0 . 9 6 0 .082 ± 0 . 0 0 6 2 . 6 1 ± 0 . 2 3 3 . 0 7 ± 0 . 2 7 
72 ± 2 675 1.000 32 1 5 . 9 ± 1 . 7 0 . 0 6 3 ± 0 .007 1.30 ± 0 . 1 6 1.61 ± 0 . 2 0 
( 
dσ- )a,b,c = ( 4 . 2 7 ± 0 . 2 0 ) × 1 0 - 2 9 c m 2 S t e r - 1 N u c l e u s - 1 
dΩ 
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Fig. 16—Spectrum of production cross-sections for 
negative pions from carbon at 90° to a 340 Mev proton 
beam. 
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ratios is presented in Fig. 17. The plotted ratios show good agreement with previously reported measurements13. The area 
( 
dσ-
) a, b , c dΩ 
under the curve for 
( 
d2σ- ) a, b , c dTdΩ was obtained by means of a h i s togram 
and is p r e sen t ed in Table VIII. It should be noted that because of the 
steep rise in the π- cross section as the pion energy is lowered, an 
error can easily be introduced into the reported value for 
( 
dσ-
) a, b , c 
dΩ 
by an e r roneous assumption concerning the behavior of the c r o s s s e c ­
tion at low pion ene rg i e s . To de te rmine this value it was assumed 
that the π- -production c r o s s section does dec rease at some lower p i ­
on energy. A discuss ion of this follows. 
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Fig. 17—Charged pion production ratios from carbon 
at 90° to a 340 Mev proton beam. 
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IV. DISCUSSION 
A. Product ion of Posi t ive Pions from Carbon 
at 90° to the Proton Beam 
Since the appearance of a second exper iment on π+ production 
from carbon at 90° to the proton b e a m 2 , a g rea t deal of d iscuss ion 
has taken place on the poss ible r ea sons for the d i sagreement between 
these r e s u l t s and the r e su l t s of an ea r l i e r exper iment 1 9 , 5 on the same 
element . As this same exper iment is p re sen ted in this r epor t , it is 
only p roper to compare the r e su l t s of the th ree e x p e r i m e n t s and to 
consider the possible r eason for the d i sagreement between the data 
from P a s s m a n , et a l . 2 , and the data r epor t ed by Richman and Wil-cox.19 
For some time it has been the general belief that the two equa­
tions (as r epor t ed in (a) of re fe rence 2 and (b) of r e fe rence 1, or in 
Eq. (7) in this repor t ) by which the c r o s s section was calculated in 
the two experiments were truly different. That different values would 
be obtained from the two equations by t rea t ing the same data was a l so 
i l lus t ra ted. 1 4 Therefore , it is impor tant to consider the two equations 
in detail and to invest igate the region of their application, especia l ly 
since evidence from the experiment on the solid angle of the spiral-orbit 
spec t romete r has cas t some doubt on the validity of Eq. (7) in 
the region of low pion energy. It should be pointed out that in the ex­
pe r imen t on the solid angle of the sp i r a l -o rb i t spec t romete r the a s ­
sumption was made that Eq. (7) is t rue for all pion ene rg i e s . One 
m a y now r e v e r s e the assumption (as the re a r e good r ea sons for i t s 
validity), i . e . , a s sume that the solid angle of the sp i r a l -o rb i t spec ­
t r o m e t e r is constant . In this case the constancy of the value K in 
Table VII is a check on the validity of Eq. (7). 
A compar i son of the two equations in questions r evea l s that they 
a r e identical except for one p a r a m e t e r . The equation as it was used 
by P a s s m a n , et a l . , involved the stopping power of emuls ion. This 
will be r e f e r r e d to as [( dT ) e m 
| 
Ti ] c o l 
. In the work by Richman 
dR 
and Wilcox ( i . e . , Eq. (7) in this r epor t ) , this stopping power of the 
emulsion was rep laced by the product of a constant that depends on the 
absorber (Fig. 18b), and the stopping power of the abso rbe r , i . e . , 
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by[( dT 
a b s | T i 
R a b s 
|Tm] 
dR R e m 
Use was made of this second expression 
because at the time no information was available from which to 
obtain accura te values of the stopping power for emulsion in the de­
sired pion-energy region. One arrives at both of these factors in a 
similar way, i.e., they arise from the derivation of a relation between 
(a) the total number of pions of energy Ti. per cm2 per Mev 
that a r e incident on the face of the absorber that contains the nuclear 
emulsion, and (b) the density of these pions at this energy in the emulsion 
(see Eq. (6)) . Let us r e - e x p l o r e the assumptions on which 
they depend. Since the assumptions are the same in the two cases, 
a discussion of only one of them is necessary. 
One can see that Eq. (6) follows because of a re la t ion that was 
obtained after Eq. (5) was averaged over all poss ib le values of T ' . 
In this averaging p r o c e s s the assumption was made that Ti. was much 





| a b s ] 
dR 
was therefore 
essent ia l ly constant during the averaging p r o c e s s . As a r e su l t , Eq. 
(6) is t rue only under this condition. This same condition applies to 
[( dT )em |Ti]col, as this re la t ion is obtainable by s imi la r argu-ments dR 
One a r r i v e s at this l as t express ion by replacing the absorber 
that contains the emulsion with a volume of emulsion having the same 
effect on energy attenuation. That this is pe rmi s s ib l e follows from 
the ve ry definition of the Bethe stopping-power formula,4 1 as the 
stopping power is dependent on the total number of e lec t rons per cu­
bic cent imeter and the average excitation potential of the atom. As 
the emulsion is a composite s t ruc tu re , the stopping power of emul ­
sion is a summation of the individual stopping powers of each of i t s 
e l ements . F o r high energies a smal l e r r o r is introduced into these 
calculat ions because of the density effect37 on the stopping power of 
different m a t e r i a l s . The density effect is l a rge r for m a t e r i a l s hav­
ing the smal le r atomic n u m b e r s . This effect, which is the reduction 
in the ionization loss of a charged par t ic le because of the polar iza t ion 
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of the medium, it too small,37 however, to be considered for the pion-energy 
region under discussion (i.e., for Ti 100 Mev). 
To summar i ze : the two equations for calculation of the c r o s s 
sections in the two exper iments in question a r e equivalent, and therfore 
the ra t io [( dT 
)abs 
R a b s ]/[( dT )em]col should equal unity dR Rem dR 
for at l eas t those pion energies that satisfy the condition under which 
Eq. (6) is valid. 
The des i r ed stopping-power values were calculated in the m a n ­ner s tated by the authors of the two expe r imen t s . F r o m these de t e r ­mined values this r a t i o was obtained; it i s plot ted for different pion energ ies in F ig . 18a. As shown, this calculated r a t io i s not the con­stant one, but a function of pion energy. Because of this d i lemma the method used by the authors for evaluating the stopping power of emulsion was questioned. This stopping power was calculated by modifying in the conventional manner the exper imenta l r ange -ene rgy curve 4 2 for protons in Ilford C-2 emuls ions; i . e . , from R(in mic rons ) = 41 .8 T1.722 (in Mev). As the original exper imenta l r ange -ene rgy curve was es tabl ished for protons up to an energy of 40 Mev, the re was r eason to doubt the validity of the applied extrapolat ion of this re la t ion (up to a 775-Mev proton energy) from which the stopping power was de te rmined . F u r t h e r m o r e , because a differentiation of this r ange -ene rgy express ion is n e c e s s a r y to de termine the stopping power, the e r r o r in the calculated stopping power is much g rea t e r than the corresponding e r r o r in r ange . For these r e a s o n s , the ca l ­culations of the stopping power of C-2 emulsions as p resen ted by Vigneron3 6 were extended into the des i r ed energy region in the con­ventional manner . These extended calculat ions a lso included the density effect cor rec t ion . 3 7 The ra t ios involving the express ion 
[( 
dT )em for the s topp ing p o w e r of e m u l s i o n w e r e re-calculated 
dR 
and a r e p l o t t e d in F i g . 18a. As s e e n , t h i s r a t i o r e m a i n s 
un i ty for the d e s i r e d p i o n - e n e r g y r e g i o n . I t m i g h t be p o i n t e d out t ha t 
the c a l c u l a t e d v a l u e s of the r a n g e s for p r o t o n s in C - 2 e m u l s i o n s a s 
reported by Vigneron are in excellent aggreement with new experi-mental 




On the basis of these considerat ions the original data of P a s s m a n , et 
a l . , 2 were co r rec ted to [( 'dT ) em | V i g n e r o r . dR by a factor that is plotted 
in Fig . 18a. The effect of this cor rec t ion on the data of P a s s m a n , et 
a l . , is shown in Fig. 19, where their original data a re reproduced. 
F igure 18 a a lso i l lus t ra tes that no e r r o r is introduced into the r e su l t s 
p resen ted in this r epo r t by changing from aluminum emulsion holders 
to copper . 
Appearing in Fig . 19 a re the plots of all exper imenta l data on π+ 
production from carbon at 90° to a proton beam having an approximate 
proton energy of 340 Mev (data of Pas sman , et a l . , a r e r epo r t ed at 
345 Mev). It should be pointed out that Haml in ' s counter data were 
reproduced as repor ted 3 5 except for the change in the scale of the o r ­
dinate. These counter data were fitted by Hamlin to the emulsion data 
p resen ted in this r epor t by using a normal iza t ion factor obtained from 
the a r ea s under the two cu rves . Hamlin did not s ta te the energy r e s o ­
lution in his repor t ; however, it is l a rge r than the energy spread at 
corresponding points as p resen ted in this r epo r t . It might a lso be 
mentioned that a s imi la r normal iza t ion of the counter data to the o r ­
iginal results of the other experiments does not lead to the good agree-ment 
on the shape of the spectrum that is found between the Hamlin45 
and Dudziak r e su l t s (Fig. 19). As seen in Fig . 19, if the proposed 
cor rec t ion to the data of P a s s m a n , et a l . , is pe rmi t t ed , then al l in ­
formation on π+ production from carbon at 90° to the proton beam is 
general ly in good agreement in the region of high pion ene rg ie s . 
A la rge d isagreement between the three exper imenta l r e su l t s 
sti l l r ema ins in the region of low pion energ ies , even though the above 
cor rec t ion is pe rmi t t ed . To summar i ze , the re a r e severa l fac tors 
that will affect the c r o s s section at low ene rg i e s . How each of these 
was accounted for by the different exper imen te r s is difficult to judge, 
and it is even m o r e difficult to at tempt an es t imate of the proper 
cor rec t ion factor that might be applied to the different data. As was 
pointed out, the change in the value of K in Table VII in this energy 
region cas t s some doubt on the validity of Eq. (7) and i ts counte r ­
p a r t in the exper iment of P a s s m a n , et a l . That the re i s cause for 
- 70 -
Fig. 19—Pion production cross-sections from carbon at 90° 
to the proton beam. 
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this doubt is c lea r ly seen from the derivation of Eq. (6) and i t s coun­
t e r p a r t in the P a s s m a n exper iment . The n e c e s s a r y condition for Eq. 








may r ema in constant during the averaging p r o c e s s over the var iab le 
T' This condition no longer holds as the region of low pion energy 
is approached, for the value of Ti approaches the value of Tm As 
a r e su l t , Eq . (7) cannot be applied to this low-energy region without 




dT )em |Ti]col during the averaging p r o c e s s covering the range 
dR 
of T ' . For the low-energy data as given in the tables of this r epor t , 
it was a s sumed that an average of the var ia t ion of 
[( 
dT 
) a b s | Ti] dR 
over 
an energy in terva l corresponding to that defined by the scanning a r e a 
(for the energy Ti), was a good approximation for 
[( 
dT 
) a b s | T i ] 
in 
dR 
Eq. (7). It was never stated2 , 5, 19 whether or not this var ia t ion of 
the stopping power at low energ ies was cons idered in the t r ea tmen t 
of the data in the two other exper iments . 
Another effect that may influence the data i s the l a rge e r r o r that 
i s introduced in locating the p r o p e r scanning region at low ene rg i e s . 
As was pointed out, for monoenerget ic mesons of low energy, the ex­
pe r imen ta l range at which the maximum of the pion distr ibution occurs 
is shifted considerably from the actual calculated mean r a n g e - - a value 
that was used in the other two exper iments . Although in both c a s e s 
a possible "flat distribution" may be expected because of the poor-geometry 
conditions, never the less this effect may introduce an e r r o r , 
varying in degree , in the r epor t ed c r o s s sect ions in all th ree expe r i ­
ments at these low energies. 
An effect that m a y ser ious ly influence the low-energy c r o s s s e c ­
t ions as r epo r t ed in the other two exper iments a r i s e s from the p r e s e n c e 
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of a la rge background. One would judge from the na ture of those ex­
pe r imen t s that no provis ions were made to shield the surface of the 
absorber containing the emulsions from high-energy or low-energy 
background. In those exper iments the p re sence of low-energy back­
ground considerably dec reased the pion-to-background ra t io in the 
scanned emulsion as compared with this ra t io in the emulsions ob­
tained with the pair magnet. Furthermore, the presence of high-energy 
background introduced the possibi l i ty of pion production in 
the absorber containing the emulsion. Even though the number of 
h igh-energy p ro tons in such background may be smal l , neve r the le s s , 
the la rge solid angle that this poss ible source of pion production sub­
tends at the emulsion does indicate that the effect may not be neglig­
ible. 
To s u m m a r i z e : the es t imated values for the c r o s s section for 
pion production from the other two exper iments were used to de t e r ­
mine the value of K in Table VII at the lowest r epor t ed pion energy. 
For these one obtained K < 0 .5 . On the bas i s that the solid angle 
of the sp i r a l -o rb i t spec t romete r is constant, and from these other 
cons idera t ions , one may conclude that the value for the lowest pion 
energy as r epor t ed in Table II is probably the best value at this energy. 
B. Production of Negative Pions at 90° to the Proton Beam 
These two groups of expe r imen te r s 19, 5, 2 have a lso cont r ibu­
ted to our knowledge on pion production information dealing with the 
production of negative pions from carbon at 90° to the proton beam. 
As some of their r e s u l t s a r e p re sen ted in plotted form, and a s their 
in te rpre ta t ion of the shape of the π- -production spec t rum from c a r ­
bon at 90° to the proton beam differs cons iderably from that p re sen ted 
in Fig . 16, it is impor tant to r e - e x a m i n e the th ree exper iments on 
π- production from carbon. Block, et a l . , 2 indicate that the p roduc­
tion c r o s s section for negative pions at 90° to a 381-Mev proton beam 
is ze ro for ze ro pion energy, and gradual ly i n c r e a s e s to a peak at a 
pion energy of approximately 38 Mev. The shape of their π- spec t rum 
was based on 29 observed π- s t a r - fo rming mesons . Richman and 
Wilcox19,5 have indicated a flat distr ibution for a pion energy b e ­
tween 20 and 50 Mev for the π- -production c r o s s section from c a r ­
bon at 90° to a 340-Mev proton beam. They do not estimate the 
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behavior of the π- -production c r o s s section below 10 Mev, although 
they do indicate a d e c r e a s e . Their data were based on 48 s t a r - f o r m ­
ing negative pions . As seen in F ig . 16, this peaking of the π- c r o s s 
section has not been observed in this exper iment . F u r t h e r m o r e the 
π- spec t rum presen ted in this r e po r t has i ts l a rges t value at the low­
est observed pion energy. The d i sagreement between spec t ra l shapes 
in the three exper iments is eas i ly accounted for: from a s ta t i s t ica l 
point of view any shape that depends on so few events as in the two 
ea r l i e r exper iments has ve ry l i t t le meaning. 
To aid our p re sen t understanding of the possible behavior of the 
π- -production c r o s s section from carbon at lower energ ies than r e ­
por ted in this exper iment , and a lso to i l lus t ra te the possible e r r o r 
that may have been introduced in obtaining the in tegrated c r o s s section 
( dσ 
)a, b , c 
at 90° to the proton beam, it i s impor tant to introduce 
dΩ 
data on low-energy π- production from other e lements . P r e l i m i n a r y 
r e s u l t s 4 0 on π- production from complex nuclei at 90° to the proton 
beam have shown that for a pion energy as low as 12. 5 Mev the r e l a ­
tive yield of negative pions is near ly propor t ional to the number of 
neutrons in the nucleus . Some of these p r e l im ina ry r e s u l t s a r e p r e ­
sented in F ig . 20. F r o m these r e su l t s one may a rgue , on the bas i s 
of the poss ib le effect of the Coulomb b a r r i e r on π- emiss ion from the 
nucleus , that the c r o s s section for π- production from carbon at 90° 
to the proton beam may continue to i nc rease for pion energ ies s o m e ­
what lower than the lowest r epor t ed energy in F ig . 16. The conclu­
sion that this may not continue to i nc rease as the pion energy approach­
es ze ro , but may peak and probably dec rea se , i s justified by the shape 
of the π- production spectrum at 0° (Fig. 6). 
One can see from the plot in Fig. 16 that the value of the integrated 




i s g rea t ly influenced by the assumption 
dΩ 
made on the behavior of the c r o s s section in this low-energy region. 
For the calculation of the r epor t ed value it was a s sumed that a peak 
occurs at a pion energy of approximately 10 Mev and that the c r o s s 
section gradual ly d e c r e a s e s . In the calculation of both the 0° and the 
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Fig. 20 —Variation of negative-pion production cross 
sections with neutron number in the nucleus at a con­
stant pion energy. 
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90° in tegrated π- c r o s s sections the assumption was made that the 
π- -production c r o s s section does not go to ze ro for a pion of ze ro en­
ergy. It should also be mentioned that although there is d i sagreement 
between the shape of the spec t rum for π- production at 90° to the p r o ­
ton beam as p re sen ted in this r epo r t and that which is r epor t ed in the 
ea r l i e r exper iment of Richman and Wilcox,19, 5 the values of the in­
tegra ted π- c r o s s section a r e in good agreement , as is shown by a 
compar ison between their r epor t ed value of (4 .5 ± 1.3) × 10-29 cm2 
s te radian - 1 nucleus - 1 and that given in Table VIII. 
C. Our P r e s e n t Knowledge About Charged-P ion Product ion 
from Carbon by 340-Mev Protons 
It i s worth while to mention two other published exper iments 3 5 , 3 8 
on charged-pion production from carbon by protons so that a s u m m a r y 
can be made of our p resen t knowledge on pion production from this 
e lement . It is well known that pion production from an element v a r ­
ies with the energy of the incident proton. Such a study on the depen­
dence of posi t ive-pion production from carbon at 90° to the beam on 
proton energy has been repor t ed by H a m l i n 3 5 . F r o m five observed 
proton energies between 235 Mev and 340 Mev he r epo r t s that the ex­
citation function of posi t ive-pion production is bes t exp res sed in the 
relation 
Y(Tp) ~ (T p - 1 5 0 ) b , 
where b = 2 . 5 ± 0.6 and Tp is the incident proton energy. 
The second exper iment r epor t ed by Leonard 3 8 p r e s e n t s data on 
positive and negative pion production from carbon at 180° to a 340-Mev 
proton beam. As this exper iment was conducted on the same 
bas i s as the poo r -geome t ry exper iment that is p resen ted in this r e ­
por t , one can util ize Leonard ' s data to obtain an es t imate of the total 
production c r o s s section for posit ive and negative pions from carbon. 
Some of the c r o s s sect ions r epor t ed in Leonard ' s exper iment a r e 
compared with the c r o s s sections p resen ted in this r e po r t in F ig . 2 1 . 
An es t imate of the total c r o s s section for π+ production from carbon 
can be obtained by assuming that the angular dependence of the c r o s s 
section at each angle θ, integrated over pion energ ies , can be r e p ­
resented by the following relation: 
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Fig. 21—Variation of pion-production cross sections from carbon with 
laboratory angle. 
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dσ+ (θ) = A + B cos θ + C cos2 θ 
dΩ 
When this re la t ion is in tegrated over all poss ib le l abora tory angles 
one obtains 
σT+ = 4π [a + C/3] = (7 .6 ± 0.7) × 1 0 - 2 7 c m 2 , 
which is the es t imated total production c r o s s section for posi t ive p i ­
ons from carbon. Similar ly , if one a s sumes the express ion 
. d σ - ( θ ) = A' + B' sin2 θ + C' cos θ 
dΩ 
as the angular dependence of the in tegra ted c r o s s section for negative 
pions at each labora tory angle θ one can in tegrate this express ion 
over all l abora tory angles to obtain 
for the total production c r o s s section of negative pions from carbon. 
In all th ree ca ses the repor ted e r r o r is the s ta t i s t i ca l probable e r r o r . 
One can now s u m m a r i z e what i s at p r e sen t expected to be the m o r e 
accura te data on charged-pion production from carbon by 340-Mev 
pro tons . This s u m m a r y is p resen ted in Table XI. 
As a final note it might be mentioned that any explanation of the 
p resen ted r e s u l t s should take into considerat ion the effect of the nu­
c lear Coulomb b a r r i e r on pion production. All previous ly proposed 
models do not take into account this nuclear Coulomb barrier effect. 
That this effect is significant is illustrated in Fig. 22, where relative 
yield curves 3 9 for posi t ive-pion production at the same pion energy 
a r e p resen ted as a function of atomic number . I t i s not being p r o ­
posed that the r e s u l t s in Fig . 22 a r e ent i re ly due to re ta rda t ion of 
low-energy pion production by the nuclear Coulomb b a r r i e r . The 
curves a r e p r e sen t ed as an i l lus t ra t ion of the significance of this 
effect. F u r t h e r m o r e , calculat ions have shown46 that the Coulomb 
barrier may affect charged-pion production even at pion energies above 
35 Mev. 
In an endeavor to in t e rp re t these r e su l t s one should not discount 
the poss ibi l i ty that the la rge π+/π- production ra t ios resul t ing from 
coll is ions of protons with complex nuclei may be accounted for by 
analogy with a s imi la r mode of pion production: that which is found 
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to exist and to explain the sharp π+ production peak resul t ing from 
free proton-proton col l i s ions . 1,20 That this mode of pion production 
is poss ible is i l lus t ra ted in F ig . 23 . This figure is a photograph of 
a cloud chamber in which a π- meson is produced during a neutron-oxygen 
collision.47 Emitted along with the negative pion is a deuteron. 
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T a b l e IX 
S u m m a r y of R e s u l t s on C h a r g e d - P i o n P r o d u c t i o n 
f r o m C a r b o n by 3 4 0 - M e v P r o t o n s 
* From Leonard's Results 
** From Hamlin's Results 
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Fig. 22 —Variation of positive-pion production cross 
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APPENDIX 
proton Energy and Proton Monitor 
The incident-proton beam intensity fluctuates during each expo­
sure , as the bombarding t ime for each exposure is long (from 3 to 
9 hours) . For some exposures the beam intensity var ied by as much 
as a factor of two. Because of this fluctuation, the proton monitoring 
sys tem that m e a s u r e s the number of protons in the incident beam, (Np 
or I p ) , can great ly influence not only the shape of the r epor t ed spec ­
t rum, but also the accuracy of each m e a s u r e m e n t . A cal ibrat ion was 
made to check the behavior of the pro ton-moni tor ing sys t em. 
The proton monitor was a shallow para l l e l -p la te ionization cham­
ber (Fig. 24a) through which the incident beam passed pr ior to r e a c h ­
ing the ta rge t . The chamber was filled with argon to approximately 
4 cm Hg above a tmospher ic p r e s s u r e . The ionization produced in the 
ionization chamber was m e a s u r e d by collecting it in a condenser and 
measuring the potential across the condenser with a 100% inverse-feedback 
electrometer (Fig. 24b). 
F igure 25a i l lus t r a t e s the cal ibrat ion a r r angemen t . The cu r r en t 
in the beam was m e a s u r e d f i rs t by two ionization chambers of the 
type shown in Fig . 24a, and then by a Fa raday cup, which is the p r i ­
m a r y s tandard for determining the beam intensi ty. The Fa raday cup 
cons is t s of a 6-by-6-inch copper cylinder supported by Teflon insula­
to rs as shown in Fig . 25b. Across the face of the Fa raday cup is a 
bias foil that is used to t es t for the effect of secondary e lect ron e m i s ­
sion from the e lec t rode . The whole Fa raday-cup s t ruc tu re is in an 
evacuated enc losure . A magnetic field of 100 gauss a c r o s s the face 
of the F a r a d a y cup se rves to grea t ly reduce the secondary e lect ron 
emiss ion . As shown in Fig . 26b, a change of bias-foi l potential of 
430 volts caused a change in the apparent cal ibrat ion of the ionization 
chamber of l e s s than 1%. This indicated that the secondary e lec t ron 
emiss ion was sat isfactor i ly smal l . The apparent mult ipl icat ion fac­
tor M' of the ionization chamber appearing in F ig . 26b is defined as 
the ra t io between the sa tura ted cu r r en t col lected in the ionization 
chamber and the corresponding cu r r en t collected in the F a r a d a y cup. 
In order to compare the exper imenta l r e su l t s that were moni tored by 
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Fig. 24 — (a) Schematic diagram of the parallel plate ionization 
chamber; (b) simplified schematic diagram of the 100 per cent in­
verse feedback integrating electrometer. 
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Fig. 25—(a) Schematic diagram of calibration arrangement; (b) 
cross-section of faraday cup. 
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Fig. 26 —Results of calibration of a || -plate ionization chamber 
for (a) the saturation effect with beam intensity, (b) apparent mul­
tiplication factor with beam intensity and Faraday cup bias voltage. 
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either of the two ionization chambers , five cor rec t ions were applied 
to the apparent multiplication factor to obtain the mult ipl icat ion fac­
tor M that was used during the exper iment . These co r rec t ions and 
their values a r e p resen ted in Table X. 
Table X 
Cor rec t ions Applied to the Apparent Multiplication Fac tor 
Ionization Chamber R1 C1 
F a r a d a y cup 
sc reen voltage 1.009 1.008 
Condenser cal ibrat ion 1.063 0 . 9 5 1 
P r e s s u r e 1.290 1.299 
Plate separa t ion 0 . 9 9 8 0 . 9 8 6 
E l e c t r o m e t e r 
sensi t ivi ty { 0 . 0 1 } 1.008 0.997 1.012 0.987 0 . 1 
Net co r rec t ion { 0 . 0 1 } 1.392 1.377 1.243 1.212 0 . 1 
Multiplication 
factor M { at full beam } 1042 1067 at 1/5 full beam 1053 1074 
The value M in Table X is the mult ipl icat ion factor that is obtained 
for a shallow pa ra l l e l -p l a t e ionization chamber filled with argon to 
an absolute p r e s s u r e of 100 cm Hg at 20°C, having 2 .000 inches for 
the plate separa t ion and co r r ec t ed to a ze ro b i a s - s c r e e n voltage of 
the F a r a d a y cup. 
As seen in Table X, the mult ipl icat ion factor does change with 
proton beam intensi ty . Because of this smal l change in the value of 
M at the two vas t ly different beam in tens i t ies , no cor rec t ion for the 
saturat ion effect of the ionization chamber was applied to the r e p o r ­
ted c r o s s sections for the intensity fluctuations that were observed 
during the exper iment . This is justified since the ionization cham­
ber was operated in the sa tura ted region for all beam intensi t ies 
during the exper iment , as shown in F ig . 26a . 
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Immedia te ly following one pa r t of these exper iments , the energy 
of the proton beam was m e a s u r e d by Dr. R. Mather with his Cerenkov 
radiation method.48 The value of this measured energy was 340 Mev. 
To check the constancy of this energy a portion of the projected range 
curve in copper , as shown in F ig . 27, was obtained in termi t tent ly . 
Within exper imenta l e r r o r the r e su l t s from this port ion of the Bragg 
curve were within 1/2% of being the s ame . This excellent check on 
the constancy of the protori energy is not su rp r i s ing . As seen in F ig . 
1a, the deflecting apparatus of the 184-inch synchrocyclotron a s ­
su res a wel l -col l imated, near ly monoenerget ic beam by the t ime 
the protons reach the exper imenta l a r e a . A slight change in energy 
r e su l t s from the complete readjus tment of the controls after i n t e r ­
vening duty on other exper iments . 
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Fig. 27—Portion of projected range curve for 340 Mev protons 
incident on copper. 
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